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Abstract
In work previously earned out by this group, 3a, 6a-diaryl hexahydropryrrolotnazoles 
underwent photoinduced disrotatory nng expansion to the new 2,5,6,7-tetrahydro- 
1,2,3,5 tetrazocines The aim the current work was to introduce a fifth nitrogen atom to 
this system to form the previously unknown pentazocines
To achieve the addition of a fifth nitrogen atom to the nng system, the 1,3-dipolar 
cycloadditions of tnazohum- 1-imides with nitrogen-containing dipolarophiles were 
investigated Previously the only nitrogen containing dipolarophiles that had been 
successfully used in addition to tnazohum-1-imides were isocyanates and 
isothiocyanates The reaction of tnazohum- 1-imides with isocyanates and 
isothiocyanates was extended, giving a range of imidazo-1,2,3-tnazoles with an 
unsaturated C-5 position
A new range of imidazo-1,2,3-tnazoles was synthesised by the cycloaddition of 
tnazohum- 1-imides with N-sulfonyl imines, giving for the first time imidazo-1,2,3- 
tnazoles with a saturated C-5 position Subsequent detosylation and decarboxylation 
gave an N-4-C-5 double bond Reduction of this double bond returned C-5 to the 
saturated state Novel oxazolo-1,2,3-tnazoles were identified as side products of the 
cycloaddition reaction
The photochemical rearrangements of these cycloadducts were found to depend on the 
degree of saturation at C-5 and also on the substituent group at the C-5 position The 
first step m the photochemical reactions of all the imidazo-1,2,3-tnazoles is likely to be 
disrotatory nng-opemng to give the pentazocines as intermediates However these nng 
systems appear to be unstable and undergo subsequent reactions Irradiation of the 
saturated compounds with no substituents gave the tetrahydro-1,2,3,5,7-pentazocines as 
intermediates, but it is believed that these were oxidised to the dihydro pentazocines 
Transannular nng contraction and rearrangement led to the fragmentation of the 
molecule Irradiation of the saturated compounds and those with electron-withdrawing 
substituents also led to nng opening, but again, transannular nng contraction, followed 
by fragmentation of the molecule led to the formation of substituted 1,2,4-tnazoles
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CHAPTER ONE
1,3-DIPOLAR CYCLOADDITIONS OF TRIAZOLIUM-1-IMIDES
i
Chapterl 1,3-Dipolar Cycloadditions of Triazolium-1-Imides 
1.1 Introduction:
In previous work by our group, it was found that the photolysis of substituted 2,3a,4,6a- 
tetraphenyl-3,3a,4,5,6,6a-hexahydropyrrolo[2,3-d]-l,2,3-tnazoles, 1 results in the 
formation of the novel substituted 2,4,5,8-tetraphenyl-2,5,6,7-tetrahydro-l,2,3,5- 
tetrazocmes 2 1
c X = C 02Me, Y = Me 
d X = COMe, Y = H i
Scheme 1.1 Photochemical rearrangement o f substituted 2,3a,4,6a-tetraphenyl- 
3, 3a, 4,5,6,6a-hexahydropyrrolo[2,3-d]-1,2,3-triazole
It was decided to investigate whether a similar route could be found to yield the 
previously unknown pentazocine, an eight membered ring containing five nitrogen 
atoms
There are no known examples of eight membered heterocycles containing five nitrogen 
atoms within the ring There are many examples of eight membered nngs with one, two, 
three and four nitrogen atoms2 By far the largest compound class of eight-membered 
nngs contaimng four or more heteroatoms is 1,3,5,7-tetrazocanes 3 This class includes 
tetranitrotetrazocane and related compounds, which have found application as 
propellants and explosives3
2
A number of l,3,5,7-tetraaryl-l,3,5,7-tetrazocanes 3 have been synthesised by the 
reaction between aromatic amines and paraformaldehyde 4
R
3
R = H, wMe, /?Me, p lBut mFf wCl, /?C1, /?Br 
Figure 1.1 1,3,5,7-tetraaryl-l ,3,5,7-tetrazocane
Reaction of dimethylglycolunl denvative with t-butyl hypochlorite and potassium t- 
butoxide afforded tetrazocine 5 in 50% yield5
H
4 5
Scheme 1 2 Synthesis o f a 1,3,5, 7-tetrazocine
A novel tetrazocine 7 was prepared in 70% yield by boiling 6 in acetic anhydride, which 
induced nng closure and acetylated the exocyclic am ine6
3
Scheme 1.3 Synthesis o f tetrazocine
In 1905, Behrend et a f  reported the synthesis of a white crystalline matenal in 40-70% 
yield from the acidic condensation of glycolunl with excess formaldehyde followed by 
dissolution in concentrated sulfuric acid and precipitation with cold water Freeman et 
al reexamined this reaction in 1981 and the product structure 9 was determined by x-ray 
analysis of a calcium bisulfate complex 8 The structure consisted of six 1,3,5,7- 
tetrazocane units fusing the six glycounls The trivial name cucurbitunl was coined for 
the compound for its pumpkm-like shape
OO
A _
N N N  N'
O
HN
\
NH
/
/
HN,
\
NH
c h 2o
h 7s o ,, h 7o
0
8
y n^ "ny n"^ny
0 0 0
0 0 0
A „ A „  ^AN
\ /
N N
\ /
N
\  /
' \ /  \ /  '
Y Y Y
0 0 0
9
Scheme 1.4 Synthesis o f cucurbitunl from glycoluril
Cucurbitunl has been used as a catalyst m 1,3-dipolar cycloadditions and a molecular
switch has been prepared based on cucurbitunl and a tnamine 10
4
Thermolysis of 10 in DMF gave tetrazocane 12 as yellow crystals in 85% yield, 
presumably via a [4+4] cycloaddition of intermediate 11 11
Scheme 1 5 Thermolysis o f 10 to give tetrazocane
Treatment of 5-hydroxypyrrolidinones with a catalytic amount of /7-toluene sulfonic 
acid m refluxing toluene gave tetrazocanes like 14 as white solids 12
Me
TsOH
HO
13
14
Scheme 1 6 Synthesis o f tetrazocanes from pyrrohdinones
5
l,2-Diazetidin-3-ones substituted at N-l dimensed on standing to give materials with
the suggested structures 16 and 17 13
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Scheme 1 7 Synthesis o f 1,2,5,6-tetrazocane by dimérisation o f  diazetidinone
The planned synthetic route to the novel pentazocine involved the 1,3-dipolar 
cycloaddition of aryl isocyanate to l,2,3-tnazolium-l-(N-aryl)imides 18 and 
photochemical ring expansion of the resulting adduct 19 to give the required 
pentazocine 20
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Scheme 1 8 Proposed synthetic route for the synthesis o f a 1,2,3,5,7-pentazocine
6
1 2 1,3-Dipoles.
1,3-Dipolar compounds are ones in which there is a sequence o f three atoms a-b-c, of 
which a has a sextet of electrons in the outer shell and c an octet with at least one
unshared pair Since compounds with six electrons in the outer shell of an atom are
usually not stable, the a-b-c system is actually one canonical form of a resonance 
hybrid, for which at least one other form can be drawn 1,3-Dipolar compounds can be 
divided into two main types
1 Propargyl-Allenyl Type those in which the dipolar canonical form has a double 
bond on the sextet atom and the other canonical form has a triple bond on that atom
-f +
a  b  c    ► a  b  c-----
Figure 1.2 Canonical forms o f the propargyl-allenyl type 1,3-dipoles
If the atoms are limited to the first row of the periodic table, b can only be nitrogen, c 
can be carbon or nitrogen, and a can be carbon, oxygen or nitrogen, hence there are six 
types 1,3-dipoles of this type are usually linear
2 Ally I Type those in which the dipolar canonical form has a single bond on the sextet 
atom and the other form has a double bond
+ + 
a  b  c   ------ ► a  b  c ----
Figure 1.3 Canonical forms o f the ally I type 1,3-dipoles
Here b can be nitrogen or oxygen, and a and c can be nitrogen, oxygen or carbon There 
are twelve types of these 1,3-dipoles and these are bent
The 1,3-dipole can also be defined as 'a species that is represented by zwittenomc octet 
structures and undergoes 1,3-cycloadditions to a multiple-bond system, the 
dipolarophile' The formal charges are lost in the [3+2->5] cycloaddition
7
The two octet structures of the 1,3-dipole with their allyl anion resonance reveal an 
ambident nucleophile (both termini of the 1,3-dipole can display nucleophilic 
character) The two sextet structures (Figure 1 5) suggest that both termini may also 
show electrophilicity
Figure 1 4 1,3-dipolar cycloaddition
Octet structures .b+
Sextet structures
-h
Figure 1.5 Octet and sextet structures o f 1,3-dipoles
Canonical forms Name
+ . /  
C = N - C
\
-  +  /  
C = N = C
\
Nitrile ylide
— C - N - N
\
— C = N = N
\
Nitnle îmine
+ . /  
N = N - C
\
/
N = N = C
\
Diazoalkane
\ + - 
C = N - N
/  I \
\ - + 
C - N = N
/  I \
Azomethine imme
\  + . /  
C = N - C
/  I \
\  - + /  
C - N - C
/  I \
Azomethme ylide
Table 1.1 Canonical forms o f the carbon and nitrogen containing 1,3-dipoles
8
1.21 1,3-Dipolar Cycloadditions
Cycloadditions involve cyclic electron shifts, they are nng-closure reactions m which 
the number of a  bonds increases at the expense of n bonds In the largest class of 
cycloadditions, two new a  bonds are created, whereas those cycloadditions with the net 
conversion of one n bond into one a  bond can be considered 'electrocyclic reactions’
The cyclic electron shift shown in Figure 1.4 suggests that the reaction of a 1,3-dipole 
and a dipolarophile takes place in a planar arrangement of all five centres Figure 1 6 
shows the cycloaddition of an azomethine imme with an ethylemc dipolarophile d=e 
The substituent R prevents the approach of the dipolarophilic centre d to the terminal 
carbon of the 1,3-dipole Contact with the terminal centres of the azomethine imme can 
only be achieved after a 90° rotation about the carbon-mtrogen bond axis To reach the 
planar arrangement, the carbon-mtrogen n bond, and with it, the allyl resonance, must 
be sacrificed The reaction through this transition state could not be concerted The 
orbital symmetry treatment cannot be applied to this state because the electrons 
participating on the side of the 1,3-dipole are not arranged in a proper MO
Figure 1 6 depicts the orientation complex preceding the transition state for the addition 
of the azomethine imme to a dipolarophile d-e This theory was first published in 196314 
and is now accepted as the correct mode of interaction of the two reactants As shownin 
Figure 1 6 the bending of the linear 1,3-dipole within the honzontal plane preserves the 
allyl anion orbital which makes contact with the 7r bond of the dipolarophile The 
gradual rehybndisation from p to sp and sp orbitals, which occurs during the reaction, 
is accompanied by an uplifting of the middle nitrogen until it reaches the plane of the 
product The arrangement is called the two-plane orientation complex and indicates that 
(4+2) 7r electrons are involved in the cycloaddition process exactly as in the Diels Alder 
reaction The symmetry considerations with the correlation diagrams reveal that the 
concerted thermal cycloaddition is allowed
9
r
Rd"
0
Figure 1 6 Two-plane orientation complex o f  a 1,3-dipolar cycloaddition between 
an azomethine imine and a dipolarophile d=e
For the azomethine imine 1,3-dipoles, (Figure 1 6) the terminal carbon and nitrogen 
atoms are ca 2 3A apart The % orbitals at the termini must bend by a slight twist about 
the carbon-mtrogen and mtrogen-mtrogen bond axes m order to make contact with the n 
orbitals of the dipolarophile, which bend outward 15 Gradual rehybndisation converts 
the two terminal p orbitals of the allyl system as well as the p orbitals of the 
dipolarophile d=e into sp3 orbitals, which form the new a  bonds This is accompanied 
by an uplifting and pyramidalising of the middle nitrogen, its former p orbital harbours 
the unshared electron pair after the process is completed Front and side views of the 
conceivable transition state are shown in Figure 1 7
Figure 1 7 Front and side views o f the concerted cycloaddition transition state
In the mostly linear 1,3-dipoles of the propargyl-allenyl type, the distance between the 
terminal centres is greater than in 1,3-dipoles of the allyl type, and the bending must
occur early on the reaction coordinate in order to allow a  overlap of the n orbitals of the
reactants
10
The term concerted does not necessarily imply that the two new a  bonds are developed 
in the transition state to the same extent 1,3-Dipoles that differ in the electrophilic and 
nucleophihc properties of the termini, and dipolarophiles that are polarised by their 
substitution pattern, will undergo concerted but not necessarily synchronous 
cycloadditions The making of one a  bond may lag behind the closure of the second cr 
bond in the transition state, and partial charges are stabilised at the centres of the weak 
incipient bond 16
Since 1965, when Woodward and Hoffmann first proposed the idea, the Principle of 
Conservation of Orbital Symmetry has become extremely important in understanding 
and predicting the outcome of concerted reactions The mechanistic scheme of a 
concerted 1,3-dipole cycloadditions involving the allyl amon system fits precisely the 
selection rules for concerted cycloadditions according to Woodward and Hoffmann The 
correlation diagrams of MO and molecular state symmetries were first applied to 1,3- 
dipolar cycloaddition using the allyl amon and ethylene system as an electronic 
prototype Introduction of heteroatoms and substituents into the allyl amon and ethylene 
destroys molecular symmetry, but leaves orbital symmetry sufficiently untouched for 
the selection rules to be obeyed 17 All the treatments of orbital control indicate that the
1,3-dipolar cycloaddition is allowed to be a thermal concerted process This allowance 
is shared by all suprafacial cycloadditions that involve (4n + 2)n electrons 18
The ambivalence of 1,3-dipoles as either nucleophihc or electrophilic is of key 
importance in understanding the mechanism, reactivity sequences, and regiochemistry 
of 1,3-dipolar cycloadditions The nucleophihc character of the 1,3-dipole may be 
stronger than its electrophilic quality Compounds such as mtnle ylides or diazomethane 
will cycloadd to electron-deficient dipolarophiles much faster than to electron-nch 
multiple bonds The opposite is true for ozone, which combines preferably with 
electron-nch dipolarophiles In between is a broad range in which nucleophihc and 
electrophilic character are more or less balanced 1,3-dipoles like diphenylmtinhmine or 
diazoacetic ester undergo fast cycloadditions with electrophilic and nucleophihc double 
bonds, resulting in U-shaped reactivity scales of dipolarophiles 19 In the MO model, 
HOMO and LUMO energies of 1,3-dipole and dipolarophile offer a measure of 
nucleophihc and electrophilic qualities
11
For symmetrical 1,3-dipoles it is impossible to assign a nucleophilic or electrophilic end 
to the dipole However for unsymmetncal dipoles the contribution of some resonance 
structures carry different weightings in the overall descnption of the species For 
azomethine immes the major resonance contributor has the negative charge on the more 
electronegative nitrogen terminus
7.2.2 Stereospecificity,
The term stereospecificity concerns retention or inversion of reactant stereochemistry 
during the reaction course Stereospecificity is an important criterion for the 
concertedness of cycloadditions As long as the 1,3-dipole and dipolarophile are 
configurationally stable compounds, no rotation about the crucial bonds is conceivable 
during the concerted formation of the new o bonds Retention of configuration at the 
dipolarophile and at the terminal centres of the 1,3-dipole is a necessary consequence
The retention becomes observable when cisftrans isomeric reactants produce 
diastereomenc cycloadducts of sufficient stability, the mutual mterconversion of 
diastereomenc products must be negligible under the conditions of the experiment and 
analysis The diagnostic value of stereospecificity or nonstereospecificity for concerted 
and two-step cycloadditions may be discussed for cisjrans isomeric dipolarophiles The 
concerted addition of a 1,3-dipole to a 1,2-cis disubstituted ethylene must produce a 
cycloadduct with czs-located substituents20 This is different for a two-step addition via 
a zwittenon (Figure 1.8) or a biradical Rotation about the former double bond of the 
dipolarophile can compete with the ring closure of the intermediate Some product with 
inverted configuration is anticipated If rotation (krot) is fast compared to cyclisation 
(kcyciX the same product mixture is expected from cis- and trans- configurated 
dipolarophiles
12
H H H R
Figure 1 8 Stereochemistry o f a two-step cycloaddition via a zwitterion
1 2  3. Dipolarophiles.
Nearly every multiple bond system, including those with heteroatoms can act as a 
dipolarophile 15 Conjugation with electron-attracting or electron-releasing substituents 
increases the dipolarophihc activity of a multiple bond Plotting the electron density of 
an olefmic double bond versus cycloaddition rates, U-shaped curves are obtained which 
are different for vanous 1,3-dipoles This phenomenon is explained in two ways
1) conjugation increases the polansability of the 7r bond of the dipolarophile,
2) concerted formation of the two new a bonds is not necessarily synchronous 
Unequal progress of bond formation in the transition state leads to partial charges, 
which can be stabilised by substituents
Substitution effects in cycloaddition reactions can be explained using HMO- 
perturbational theory21 As the 1,3-dipole and dipolarophile approach each other their 
orbitals begin to interact and orbitals of suitable symmetry are formed Thus the HOMO 
(highest occupied molecular orbital) of the dipolarophile interacts with the LUMO 
(lowest unoccupied molecular orbital) of the 1,3-dipole and vice versa A stabilisation 
of the molecular complex results The magnitude of this stabilisation is a function of the 
energy difference between the interacting orbitals The closer these energies, the greater
the stabilisation. Substituents will influence the energy of the orbitals and change their 
relative separation.
1.2.4. Regioselectivity:
Two directions of cycloaddition are conceivable if both the 1,3-dipole and dipolarophile 
contain non-identical terminal j  centres. Sometimes pure cycloadducts are isolated and 
sometimes mixtures of isomers of different orientation are observed.
The experimentally observed regioselectivity (selectivity in direction of addition to an 
unsymmetrical alkene or alkyne) of most 1,3-dipolar cycloadditions proved to be the 
most difficult phenomenon to explain. Perturbation theory provided the key to the 
understanding of regioselectivity in 1,3-dipolar cycloadditions. The unequal 
magnitudes of the terminal coefficients in the HO and LU ir orbitals is the key to the 
explanation of regioselectivity in 1,3-dipolar cycloadditions.
The preferred regioisomeric transition state will be that in which the larger terminal 
coefficients of the interacting orbitals are united. Figure 1.9 shows this schematically. 
Case (a) (large-large, small-small interactions) results in more stabilisation than Case 
(b) (large-small interactions). A cycloaddition controlled by a strong interaction as in (a) 
would lead to unequal extents of bond formation in the transition state, bond a-d being 
more fully developed than bond c-e.
a  b c
V
d e
ÔÛ
(a) (b)
Figure 1.9 Schematic representation of greater stabilisation of transition state (a) 
than (b) due to different coefficient magnitudes.
14
1Table 1 2 shows the squares of the products of the CNDO/2 (molecualar mechanic 
calculation program) calculated frontier orbital coefficients of some 1,3-dipoles
Dipole HOMO LUMO
HCN+-C H2 1 07 1 50 0 69 0 64
h c n T-n h 0 90 1 45 0 92 0 36
nnT-c  h 2 0 85 1 57 0 56 0 66
NhT-NH 0 72 1 55 0 76 0 37
c h 2=n +-c  h 2 1 28 1 28 0 73 0 73
CH2=Nf-N H 1 15 1 24 0 87 0 49
c h 2=n +-o 111 1 06 0 98 0 32
Table 1.2 Frontier Orbital Coefficients for terminal atoms1 o f some 1,3-dipoles
Perturbation theory indicates that reactivity in cycloadditions will increase as the dipole 
LU orbital is lowered and as the HO orbital is raised in energy The transition states of
1,3-dipolar cycloadditions of linear 1,3-dipoles to alkenes involve appreciable bending 
of the 1,3-dipole Such a complex would maximise overlap of the p orbitals at the 
termini of the dipole with those of the dipolarophile The perturbation calculation of 
regioselectivity based on linear 1,3-dipole MO’s could be in senous error were the bent 
and linear dipole MO’s significantly different
Roberts performed Huckel calculations on azides which indicated that bending the NNN 
angle below 180° would require little energy23 Calculations earned out by Houk et at24 
by the CNDO/2 method for diazomethane using fixed bond lengths, but with vanations 
of the CNN angle in the plane of the molecule from 180° to 120°, show that bending 
causes only small changes in the coefficients and energies of the HO and LU 7r orbitals 
In all cases, the relative magnitudes of coefficients remain the same, indicating that the 
calculations of linear systems are satisfactory for perturbation predictions even if the 
transition state involves a substantially bent 1,3-dipole
1 Values are given m the same order as the atoms appear in the left hand column
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1,3-Dipolar cycloadditions can be classified into three types,21 depending on the relative 
disposition of the 1,3-dipole and dipolarophile frontier orbitals (Figure 1 10) These 
three types are
1) HO-controlled (the interaction of the dipole HO with the dipolarophile LU is 
greatest),
2) HO,LU-controlled (both frontier orbital interactions are large), and
3) LU-controlled (the interaction of the dipole LU with the dipolarophile HO is 
greatest)
LU
dipole dipolarophile dipole dipolarophile dipole dipolarophile
  j  LU
V „ LU LU v j  LU LU-------
HO
HO HO HO HO
;— H 0
Type 1 
HO controlled
Type 2 
HO,LU controlled
Type 3 
LU controlled
Figure 1.10 Sustmann 's classification o f 1,3-dipolar cycloadditions 21
Substituents that raise the dipole HO energy or lower the dipolarophile LU energy will 
accelerate HO-controlled reactions and decelerate LU-controlled reactions Substituents 
which lower the dipole LU energy or raise the dipolarophile HO energy will accelerate 
LU-controlled reactions and decelerate HO-controlled reactions HO,LU-controlled 
reactions will be accelerated by an increase of either frontier orbital interaction
The discussion of FMO theory is usually limited to reactions of substituted alkenes 
However, similar consideration may be readily applied to heterodipolarophiles such as 
ketones, mtnles and immes The HO and LU orbitals of these three types of 
heterodipolarophiles are shown in Figure 111, where X represents an oxygen or 
nitrogen22 These orbitals will be, in general, located at energies similar to those of 
electron deficient dipolarophiles With the exception of the mtnle ylides and 
symmetrical species, all 1,3-dipoles have the larger coefficient at the anionic terminus in 
the HO and at the neutral terminal in the LU (Table 1.2) Both of these interactions as 
well as the better overlap of carbon with carbon than with oxygen or nitrogen lead to the 
preferential formation of products 21 15
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rHO
LU
Figure 1.11 Frontier orbitals o f heterodipolarophiles.
1.2.5. Diastereoselectivity:
When chiral centres, at least one on the side of each reactant, are generated in the 
cycloaddition process, diastereomeric adducts may be formed. In 1937 Alder noticed 
the preferential formation of endo-substituted bicyclo[2.2.1]heptenes from 
cyclopentadiene and 7r-substituted ethylenes.25 The diastereoselectivity was later 
attributed to attractive secondary orbital interactions.
Figure 1.12 The favoured formation o f endo-substituted bicyelo[2.2.1] heptenes in the 
Diels-Alder reaction.
The formation of diastereomeric adducts is very common in 1,3-dipolar
plane orientation complexes. The ratio of the diastereomers reflects the free-energy 
difference of the two transition states. This difference comes from repulsive interactions 
caused by steric hindrance, and attractive forces associated with maximal 7r overlap. 
Frequently the latter factor wins in the competition, and the thermodynamically less 
favoured product is often preferentially formed. More often than the exclusive 
formation of one diastereomer, is the occurrence of mixtures of cycloadducts. Their 
composition, nevertheless, reveals that attractive secondary orbital interactions of
cycloadditions.26 The two adducts (cis and trans) can be formed via two different two-
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conjugated substituents are a powerful antagonist to hindenng van der Waals 
repulsions Conjugated 7r substituents are part of the MOs of the reactants and their 
interaction is regarded with the proviso that the final product is the five-membered ring 
although additional weak bonds may occur in the transition state
18
1.3 Azomethine 1 mines:
Azomethine immes belong to the class of 1,3-dipoles of the allyl type with an lminium 
centre as atom b in the general formulation 22 The resonance structures 23a and 23b 
clearly show the allyl anion stabilisation of these 1,3-dipoles The resonance formula 
23a is expected to be more important as a result of the higher electronegativity of 
nitrogen relative to carbon
+
a C
22a 22b
+
C N
23a 23b 23c 23d
Figure 113 Resonance structures o f  azomethine imine type 1,3-dipoles 23
The systematic study of azomethine immes did not begin until 1960, although some 
examples of this class of compounds, more or less unrecognised, had been known for 
many years27
1.3.1. Triazolium-1-imides'
The 1,2-bisphenylhydrazone of benzil has three stable isomers, 24a, 24b, 24c (Scheme 
1 9), discovered by Spassov28 and investigated by Woodward29 Oxidation of each or 
any of them gives the same trans-azo compound, 25, a crystal structure of which has
been reported30
C NHPh
PhHN,
N" Ph 
24a
P h \ .
N
I I 
/ C .  H 
Ph N
Ph
NHPh
24b
Oxidation
NHPh
I
P tK
I
N Ph 
NHPh 
24c
Ph^ /P h
C N
II
Ph N > h  
25
Scheme 1.9 The three isomers o f the 1,2-bisphenylhydrazone o f  benzil and the 
resulting product o f  oxidation o f  each
The E-form of 25 undergoes a facile E-Z isomensation in solution followed by the 
electrocyclisation31 to give the 1,3-dipole 26 The existence of this dipole form and its 
potential for cycloaddition was recognised by George et a f 1 m 1971, although he 
assigned incorrect structures to the cycloadducts
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Ph\ yNx /Ph 
N
Ph N Ph
E-form
Ph  ^ /Ph
N
Ph N Ph 
Z-form
25a 25b 26
Scheme 1.10 E-Z isomerisation o f  the oxidation product o f  benzil 1,2- 
bisphenylhydrazone and electrocychsation to give the 1,3-dipole
Heating 25 in the absence of any solvent for fifteen minutes around 170°C results in the 
formation of an 85% yield of 2,4,5-tnphenyl-l,2,3-tnazole 27 (Scheme 1 l l ) 32 The 
same tnazole was obtained in a 14% yield on photolysis of 25 in benzene The 
formation of the tnazole 27 may be explained in terms of the loss of phenyl mtrene 
from the mesiomc intermediate 26 It was rationalised that 26 exists m equilibnum with 
25 under the reaction conditions The equilibnum between the acyclic and cyclic 
structures was later venfied by vanable temperature !H NMR spectroscopy33’39
The reactions of 1,3-dipole 26 with a vanety of dipoloarophiles were investigated by 
George et a t 1 (Scheme 1.11) Treatment of 26 with dimethyl acetylenedicarboxylate m 
refluxing acetone reportedly gave a 83% yield of the adduct 28 Similarly the reaction 
of 26 with dimethyl maleate, dimethyl fumarate, ethyl acrylate, acrylomtnle and phenyl 
isothiocyanate gave the corresponding adducts 29-34 (Scheme 1.11)
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COXH,
32
Scheme 111 Reaction o f  dipole 26 with various dipolarophiles
Abbreviation Name Structure
DMAD Dimethyl acetylene dicarboxylate h 3c o 2c  — ------ C02CH3
DMM Dimethyl maleate h 3c o 2c^  ^ o 2c h 3
DMF Dimethyl fumarate CCLCH,
h 3c o 2c
EA Ethyl acrylate p^0 2C2H5
AN Acrylomtrile
= J *
PIC Phenyhsocyanate Ph N =C = 0
Table 1.3 Dipolarophiles used by George et al in the cycloaddition reactions o f  
dipole 26 (Scheme 111)
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Treatment of 26 with carbon disulphide at room temperature gave a 93% yield of 2,4,5- 
tnphenyl-l,2,3-tnazole 27 In addition, elemental sulphur and phenyl isothiocyanate 
were also isolated from this reaction The formation of these products was rationalised 
in terms of the fragmentation of the initially formed cycloadduct 34 These structures 
(28-34) were later corrected by Butler et alu  (see Scheme 1.13) and later by George35 
In his correction, George did not acknowledge that the correct structure had been 
reported by Butler some years earlier
From these and other results it can be deduced that compound 26 is an azomethine 
mime, Type 11,3-dipole (HOMO controlled reactions with most dipolarophiles) and is 
reactive with a wide range of 2ir systems
Although bisazoalkenes are conveniently prepared through the oxidation of the 
corresponding bisphenylhydrazones, it was found that the nature of the products in these 
oxidations depends to a large extent on the structure and stereochemistry of the starting 
bisphenylhydrazones Both azo functions need to be arranged in a cis orientation about 
the C=C bond in order to produce tnazohum lmides Consequently, trans-2,?>- 
bis(phenylazo)-2-butene 35 (the most stable isomer) should not undergo cycloaddition 
with dipolarophiles Nevertheless, stereoisomensation followed by electrocyclisation 
was achieved by the introduction of gaseous hydrogen chloride into an acetone or 
benzene solution of the azo olefin and dipolarophile37
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Scheme 112 Acid catalysed stereoisomensation and electrocychsation o f  trans-2,3- 
bis(phenylazo)-2-butene
Butler et al> in examining the addition reactions of the cyclohexene derivatives with 
acrylomtnle, obtained the unexpected products 4 1 34 (Scheme 1.13)
39 40 41
Scheme 1.13 The unexpected products from  the reaction o f  the 1,3-dipole with 
acrylomtnle, confirmed by X-ray analysis
The 13C NMR spectrum of 41 showed two quaternary C-N signals and no C=N signal 
(as expected with structures 28-34) X-ray crystallographic analysis showed that a 
multi-step reaction had occurred involving N-N bond cleavage and N-C bond 
formation The product had the novel tncyclic structure with a saturated C-C
bridgehead The basic structural unit of the compound is a substituted 3,3a,4,5,6,6a- 
hexahydropyrrol[2,3-d]-l,2,3-tnazole Since these products did not have the expected 
structure, some of the cycloaddition reactions of a normal acyclic cis- 
bis(areneazo)alkene were reinvestigated The reaction of cw-l,2-diphenyl-l,2-
bis(benzeneazo)ethylene 26 with different dipolarophiles under various conditions gave 
the product 42 -  44 (Scheme 1 14) Compounds 42 - 44 are analogous to the structure 
of 41 They showed all of the expected 13C NMR signals including the key quartemary 
bridgehead carbons Attempts to trap the intermediate initial addition compound by 
carrying out the reaction at lower temperatures gave only the final products at lower 
yields or no reaction at all
Ph.
Ph'
N -P h
"N
N - P h
26
\V +
N -P h/
Scheme 114 Reassignment o f  the structures o f  the products o f  the cycloaddition o f  the 
1,3-dipole with various dipolarophiles
Further investigations of the previous cycloaddition products showed that all of the 
previously assigned structures were incorrect and that all of the initial adducts undergo 
the sigmatropic rearrangement (See Scheme 1.32 for mechanism) to give the newly 
assigned structures
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1.3.2 Kinetics o f  the Cycloaddition Reaction•
The kinetics of the senes of reactions in Scheme 1 15 was measured by following the 
disappearance of the dipole 45 at an appropriate UV wavelength36 In each case the first 
part of the reaction involved the interaction of the 27i-molecule at atoms a and c of the 
molecules 45
p-XC6H4 N
p-XC6H -
, n - c 6h 4y-p a n
EA
cN~~C6H4Y-p
45
DMM
DMAD
46 R=CN
47 R=C02Et
Me02C
-»  /\r
N - i ^ N
Me02C ^
N-Ar'
N ^ r
N.
Me02C— | ^N—Ar’
N
Ar' Ar Ar’ Ar
49 48
For Y = H, X = H, Me, MeO, Cl, N 02 
For X = H, Y -  H, Me, MeO, Br, N 02
Scheme 1.15 Products arising from  the cycloaddition o f  1,3-dipole with various 2n  
dipolarophiles
The final products arise from subsequent reactions of the initial adduct The rates of the 
initial reaction of dipole 45 with acrylomtnle were measured in four solvents and found 
to be independent of solvent polarity values They were also similar to values reported
I Q
for concerted cycloadditions of 1,3-dipoles such as diphenyldiazomethane Hammett 
plots for the influence of substituents at the carbon terminus a and the nitrogen terminus 
c of the dipoles 45 with acrylomtnle in acetone were determined36 The rates for 
substituents X at the carbon terminus showed a good linear correlation with Hammett ap 
values giving p=l 51 This behaviour is indicative of a dipole HOMO controlled 
reaction le a Type I dipole
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rSubstituents Y at the nitrogen terminus of the dipole surprisingly gave an inverted V- 
shaped Hammett plot Bent Hammett plots are a common feature of concerted 1,3- 
dipolar cycloadditions but they are usually V or U shaped and they arise when dipoles 
show Type II behaviour, 1 e when the respective HOMO-LUMO energy separations of 
both pairs of reactants are approximately equal In these situations all substituents 
enhance the reaction relative to hydrogen The dipoles 45 show the reverse phenomenon 
where all substituents inhibit the reaction It was suggested that the rate inhibition arises 
from resonance destruction of the 1,3-dipole character m the substrates 45 as shown in 
structures 50 (the mtro derivative) and 51 (the methoxy denvative) rather than a change 
m mechanism
•N
\
R,
R
■N
\
„+/
‘N
\
N -A r
N -A r
«n - a ,
45
R = /?-XC6H4 
Ar =/?-YC6H4
(X and Y as in Scheme 1 15)
Figure 1 14 Resonance destruction o f the 1,3-dipole character due to substitution at 
the nitrogen terminus
N -A r
50 51
In both of these forms the orthogonal rc-electrons on the nitrogen terminus of the dipole 
are replaced by a 7i-bond to the aryl substituent and the 1,3-dipole character is lost 
Strong contribution from structure 50 was detected when at -87°C, the 270 MHz proton 
NMR spectrum showed severely restricted rotation of the N-C bond at the nitrogen 
terminus and gave two separate doublet signals from the AA’BB' system, thereby 
confirming the double bond character of the N-C aryl bond39 Thus the capacity of the 
1,2 ,3-tnazole ring to behave as a source of electrons and an electron sink allows for 
strong interactions with both electron-donating and electron-withdrawing substituents, 
thereby increasing the activation energy by stabilising the ground state and reducing the
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reactive 1,3-dipole character, giving rise to the unusual Hammett plots40 These rate 
inhibitions do not affect the synthetic nature of the reaction and all of the reactions of 
the substrates 45 with acrylomtnle give products 46 in high yields
7 3 3. Mechanism and Stereospecificity
Cycloaddition reactions of these 1,3-dipoles with alkene dipolarophiles gives 
derivatives of a pyrrolo[2,3-d]-l,2,3-tnazole ring system in a general reaction which 
was eventually established as involving a tandem 1,3-dipolar cycloaddition and 
sigmatropic rearrangement41
Dimethyl maleate and dimethyl fumarate were used as probes for the stereospecificity 
of the reaction The dipoles and dipolarophiles were heated together in acetone and 
following recrystallisation from ethanol gave the products in high yields The reactions 
were found to be stereospecific (>99%) and no traces of mixtures were found
The reaction can be looked upon as a tandem, concerted 1,3-dipolar cycloaddition and
1,4-N-*C sigmatropic rearrangement However, it could also be a multistep Michael 
reaction involving initial nucleophihc addition of the exocyclic -N  terminal of the 
dipole (which is nucleophihc) to the alkene giving a new N-C single bond followed by 
subsequent ring closure and cleavage of the N-N bond to give a second intermediate 
Perusal of such a mechanism shows that it necessitates a loss of stereochemistry due to 
rotations on the single bonds in a number of intermediates which, because of the 
substituents, should be sufficiently long-lived for a bond rotation The stereospecificity 
of the reaction therefore favours a tandem, concerted reaction The exo-arrangement of 
substituents in the products requires an initial endo-cycloaddition
28
'N
\\ +
N-
N
53 54
Figure 1.15 Endo-orientation o f the cycloaddition o f  triazolium imide dipole with 
dipolarophile followed by 1,4-sigmatropic rearrangement.
Orbital-controlled regioselectivity gives a transition state 52 where the dipolarophile 
approaches over the plane of the triazolium imide dipole to give an initial unstable 
adduct 53 (Figure 1.14). The endo-orientation could be due to favourable secondary 
orbital interactions or to favourable alignment of dipoles in the transition state 52 (see 
arrows).
Dipole HOMO
Dipolarophile LUMO 
(for Ma An)
Figure 1.16 Favoured endo-transition state. Primary orbital interaction, heavy line; 
secondary orbital interactions, dashed line.
In a later study42 it was discovered that generalisations about the stereospecificity of the 
cycloadditions could not be made, and that each 1,3-dipole-dipolarophile pair needs to 
be individually studied. The cycloadditions of maleimides with the dipole 40 
unexpectedly gave initial cycloadducts with exo-stereochemistry 55 (Scheme 1.16).
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These subsequently underwent the usual rearrangement to give products 56 where the 
N-substituted-dicarboxyimido group was endo to the fused 5,5-nng system
In the same study, the cycloadditions using acrylomtnle as dipolarophile were looked at 
again, giving the same results as previously, 1 e an initial endo addition followed by 
rearrangement to give the exo product 58 A small amount of the endo product 59 was 
also recovered in crude form The fact that the isomer 58 is the major product means 
that in the initial cycloaddition of acrylomtnle, the endo transition state is favoured in 
contrast to the maleimide dipolarophiles
N -P h
56
R-Ph, /?-BrC6H4, H, Me, CMe:
58 Y=CN, X-H
59 X=CN, Y=H
Scheme 1 16 Cycloadditions o f  tnazohum N-imide with i)N-substituted maleimides, 
resulting in an initial exo-addition to give endo-products and a) 
acrylomtnle giving initial endo-addition resulting in exo-products
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It has been suggested that the almost exclusive exocycloadditions observed with the 
maleimides are due to a stenc effect from the substituents at C-l(dipolarophile) and C- 
2(dipole) in the developing fused 5,5-ring system With acrylomtnle as the 
dipolarophile the stenc effect is reduced and both stereoisomers are formed with a 
preference for the endo-form
Figure 1 17 Proximity o f  substituents at C-l (dipolarophile) and C-2(dipole) as 
planar carbons change to tetrahedral in the transition state.
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1 3  4 Reactions o f  Triazohum-N-imides'
When treated with cinnamaldehyde the ultimate products of the cycloaddition were the 
oxazolo[4,5-d]-l,2,3-tnazole derivatives 62 43 The initial cycloaddition occurs on the 
carbonyl group, rather than the alkene, giving the unstable endo-wdduoX 61 as a reactive 
intermediate This stencally unfavoured cycloaddition is thought to be facilitated by 
secondary orbital interactions m the transition state No other isomer was found and this 
exclusive stereochemistry supports a 1,3-dipolar cycloaddition rather than a two-step 
nucleophilic addition to the carbonyl group The compounds are stable under normal 
conditions but on being heated m ethanol or ethanol/acetic acid for a short time they 
undergo fragmentation and ring expansion giving substituted 1,3,4,5-oxatnazenes 64 
(Scheme 1.17) This is thought to be a convenient route to the rare oxatnazene system 
(a potential Sir planar system) The only other route known to this system is by the 
photolysis of a tnazole-N-oxide44
Phv
Ph'
- N \
+ N -A r  ^
^ N
N - A r
60
Ph
Ph
/
-N
0 .  .N
Y,
H
At
Ph
Ar
N
61 62
Ar
I
N N 
P h ^ O ^ P h
- PhCH=CHCHNHAr 
Ph
heat
o:
n t hA \ +
7  N -A r
N
Ph
64 63
Scheme 1 17 Cycloaddition o f cinnamaldehyde to 1,3-dipole, followed by 1,4- 
sigmatropic rearrangement Fragmentation and ring expansion on 
heating gives the 1,3,4 5-oxatriazine ring
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This reaction was later extended to a range of aldehydes and to a range of cycloalka-
1,2,3-tnazohumamimdes [R\ R* = (CH2)n+2]45 The tricyclic derivatives of the ring 
system were the first examples of oxatetraazapropellane systems 65 These initial 
isolated products were then transformed into the 1,3,4,5-oxatnazine system 68 and the 
new 1,2,3-tnazaspiroalkane derivatives 67 by heating in ethanol containing acetic acid
R"
R N-V " 'V N-
H O ' l h
( C H ^ N — R "  
_ /
N
R" Ph
R”
65 (n=2,3,4)
A EtOH/AcOH
N - R "
Ph
66
A EtOH/AcOH
Ph
R"
i
N N 
68
Ph
Scheme 1.18 Formation o f 1,3,4,5-oxatnazine systems and 1,2,3-triazaspiroalkane 
derivatives following the initial cycloaddition o f 1,2,3-triazohum imide 
with aldehydes
N-sulphinlyamines readily undergo 1,3-dipolar cycloadditions and when substituted
1,2,3-tnazolium lmides were treated with aryl-N-sulphmylammes in benzene the 
tetrazines 72 were obtained in high yields (Scheme 1 19)46 Loss of a molecule of N- 
sulphinylamine from 70 may occur in either of two ways when the Ar and Ar' 
substituents are different, both expected products can be formed, but PhNSO is lost 
preferentially The ring expansion of 71 is a disrotatory outward electrocyclic process 
In theory, this could be stencally constncted by bndging the two R substituents When 
RR = [CH2]5 the ring expansion was found to still occur, but when the bndging chain 
was shortened to four carbons the disrotatory outward process was prohibited
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Scheme 1.19 Addition o f  aryl-N-sulphinylamine to 1,2,3-triazohum imides Loss o fN -  
sulphinylamine from  resulting adduct, followed by ring expansion gives 
the 1,2,3,5-tetrazine
A similar sequence of reactions occurs when methyl cyanodithioformate 73 is used as 
the dipolarophile in the initial 1,3-dipolar cycloaddition47,48 The final product, the rare 
871 1,3,4,5-thiatnazine 76, is produced in high yields (Scheme 1 20) None of the 
intermediates were detected owing to the rapidity of the reaction of the dipole and 
dipolarophile to give the thiatnazine The fragment which is eliminated m going from 
75 to 76 was detected as a small amount of resin and is thought to have derived from the 
imme MeS(CN)C=NPh
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Scheme 1.20 Addition o f methyl cyanodithioformate to triazohum imide 1,3-dipole, 
ultimately giving 1,3,4,5-thiatnazines
The 2,4,5-tnaryl-l,3,4,5-thiatnazines, 76 were unexpectedly obtained in high yields 
when tnazolium imide 1,3-dipole was treated with dry hydrogen sulfide in 
dichloromethane for 15 minutes at room temperature49 The mechanism for this reaction 
does not involve a 1,3-dipolar cycloaddition
A range of new fused ring systems based on phenanthrene were obtained from 
cycloaddition-rearrangement reactions of 9,10-bisarylazophenanthrenes with alkyne and 
alkene dipolarophiles50 Heating compound 79 with dialkyl acetylenedicarboxylates m 
toluene for 1 -  4 hours gave high yields of the new 1,2,3-tnazatnphenylene derivatives 
81 and 82 This experimentally simple, one-pot reaction involves a complicated 
cycloaddition-nng expansion process which appears to be dominated by the need to 
preserve the phenanthrene structure
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NHAr PbO
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83 Y=CN, X=H
84 Y=CN, X=C1
85 Y=C1, X=CN
Scheme 1.21 Reactions o f 9,10-bisarylazophenanthrenes with i) dialky I 
acetylenedicarboxylates n) acrylonitrile or 1-chloro-l-cyanoethene
Similar reactions involving prolonged heating of 79 with the alkene dipolarophiles 
acrylonitrile, 1-chloro-l-cyanoethene and some N-substituted maleimides gave the 
series of new tricyclic phenanthrene denvatives 83-89 (Schemes 1 21 and 1 22) The 
reaction with acrylonitrile was regio- and stereoselective, giving the products 83 only 
With the other alkenes approximately equal mixtures of the endo-exo pairs 84/85, 86/87 
and 88/89 were obtained These isomeric pairs were not interconvertible under the 
reaction conditions Normally, the preferred initial cycloaddition follows the endo mode 
giving exo-isomers as products, but the presence of the phenanthrene moiety has 
negated the favourable endo-transition state resulting in almost equal mixtures of both 
isomeric products Endo and exo isomers were distinguished by *H NMR spectroscopy 
and X-ray crystallography
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Scheme 122 Isomeric pairs obtained with the reaction 
bisarylazophenanthrenes with i) N-substituted maleimides
o f 9,10-
George et al , in the earlier work on tnazohum N-imides, used isocyanates and 
isothiocyanates as dipolarophiles The structures of the adducts were later reassigned in 
work by Butler et a l 5] The dipoles reacted with the isocyanates and isothiocyanates at 
the N=C bond by the usual route, the isocyanates giving high yields of the oxoimidazol- 
tnazohnes 92 (Scheme 123) The reactions with the isothiocyanates gave the 
corresponding thione products 95 These reactions also gave another insight into the 
initial adduct 91 which has never been directly detected The sulfur derivatives of the 
intermediate 91 (X=S) were significantly less stable than the oxygen derivatives (X=0) 
This instability was found to increase by both electron donating or withdrawing 
substituents in any of the N-aryl rings of 91 The reactions of dipole 60 with 
isothiocyanates gave mainly the tnazoles 94, small quantities of the lmidazotnazolmes 
95 and two aryl isothiocyanates, one of which was the onginal reactant and the other of 
which had exchanged its aryl group for an aryl group from the dipole 60 The formation 
of both types of isothiocyanates accompanying the products 94 gives further support for 
the intermediates 91 which can readily fragment to all these products
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Scheme 1.23 Addition o f isocyanate (X=0) and isothiocyanate (X=S) to triazohum N- 
imide 1,3-dipole
It was later discovered that the tnazolium N-imide 1,3-dipoles react with aryl 
isothiocyanates at both the N=C and C=S sites to give mixtures of substituted 
imidazolo[4,5-d][l,2,3]tnazoles 98 and new thiazolo[4,5-d][l,2,3]tnazoles 99 52 
(Scheme 1 24)
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R=(CH2)4, Ph, phenanthro- groups 
Y=MeO, Me, H, Cl, N 02, Br
Scheme 1 24 Addition o f isothiocyanates to triazohum N-imide 1,3-dipoles Addition 
can occur at both the N=C and C=S sites
Substituents on the aryl isothiocyanate have a large influence on the competition 
between the alternative reaction sites Electron-withdrawing groups at the /?ara-position 
of the phenyl isothiocyanates orientate the reaction strongly towards the C=S site This 
can be explained by the resonance contributions of forms 100 and 101 to the structure of 
aryl isothiocyanates (Figure 1.17)
Ar—N—C==S+ -  Ar N—C—S ------► Ar—N = C - S _
100 101 
Figure 118 Resonance structures o f aryl isothiocyanates, explaining their ambident 
behaviour
The contribution of 101 is enhanced by electron-donating substituents and that of 100 
enchanced by electron-withdrawing groups It can be shown that form 101 reacts with 
the dipole to favour products 98 while products 99 anse from cycloaddition where form 
100 is favoured
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* The addition of Lawesson’s reagent 102 to the tnazolium lmide 1,3-dipole system
proceeds as usual to give the fused nitrogen-phosphorous-sulphur ring system 104 53 
Kinetic studies show that the addition is 2000 times faster than that of acrylomtnle and 
twice as fast as the C“ S dipolarophile of MeSC(S)CN, indicating that Lawesson's 
reagant is a superdipolarophile However, these products were found to be unstable in 
solution, breaking down to give the 1,2,3-tnazoles 105
R. -N
R
-+/
N
\
N ” Ar
+
ft S11/  \
Ar»— p P -A r '
\  / 11
102
R, :N
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R \ r ^ N\
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105
Ar* =/?-MeOC6H4
Scheme 1.25 The addition o f  Lawesson's reagent to triazohum N-imide
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1.4.1 Synthesis o f Triazohum Imide 1,3-Dipoles
The synthesis of the tnazohum imide 1,3-dipole 118a-e was earned out in two steps 1) 
the synthesis of the dihydrazone from diketones and hydrazines (Scheme 1 28), and 2) 
the oxidation of the dihydrazone (Scheme 1.29) Five different dihydrazones were 
synthesised -  from benzil, 2,3-butanedione and 4,4’-dichlorobenzil, using 
phenylhydrazine and p-mtrophenylhydrazine Of the diketones, benzil and 2,3- 
butanedione are commercially available 4,4’-dichlorobenzil was synthesised by the 
potassium cyanide catalysed benzoin condensation of 4-chlorobenzaldehyde (Scheme
1.26), followed by oxidation with nitric acid and recrystallisation from water (Scheme
1.4 Results and Discussion:
The general mechanism of the benzoin condensation involves the initial attack of the 
cyanide on the aldehyde 106 (Ar = /?ClPh) to form an activated aldehyde carbamon 
intermediate 108, which reacts with another molecule of the aldehyde (Ar1 = /?ClPh) 
Regeneration of the cyanide ion gives the benzoin 111
Scheme 1 26 Benzoin condensation o f  an aldehyde, catalysed by the cyanide ion
4,4-Dichlorobenzoin 111 (Ar, Ar' = /?ClPh) was then oxidised to the corresponding 
benzil by heating under reflux in concentrated mtnc acid Dunng this reaction a brown 
gas (nitrogen tetroxide) was given off and cessation of this evolution indicated the 
completion of the reaction (5-6 hours) Recrystallisation from a large volume of water 
gave high yields of the 4,4’-dichlorobenzil 112 (Ar, Ar' = pCIPh) in pure form
1.27)
Ar' a t  Ar’ Ar UN Ar’ Ar CN
111 110 109
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Scheme 1 27 General scheme fo r  the nitric acid oxidation o f  benzoin to benzil, fo r  
benzoins derived from  aromatic aldehydes
Reaction of the a-diketone 112, (R = Ph, pCIPh, Me) with phenylhydrazine then gave 
the bis-phenylhydrazones 115a-c Reaction conditions varied with the starting a- 
diketone 2,3-Butadione 112 (R = Me) reacted with the phenylhydrazine at room 
temperature in glacial acetic acid to give excellent yields of the dihydrazone 115c The 
reaction of benzil 112 (R = Ph) with phenylhydrazine required heating under reflux in 
glacial acetic acid The reaction of 4,4’-dichlorobenzil 112 (R = /?ClPh) with 
phenylhydrazine in acetic acid under reflux gave two products the required 
dihydrazone 115b(a photochromie compound) and the monohydrazone Extended 
reaction times improved the yield of the dihydrazone
R . / O  r
NH2NHPh ^
o +h 2
R ^ O  AcOH
112
- 2 H 2 °
R.
R'
R'
NHAr
+ .NHAr’ 
'N
■0 H 2
113
NHAr
I
•N
R.
HO H
.N .
R' N' 
HO H
114
NHAr
NHAr’
NHAr’
N
115
a R = Ar = Ar’ = Ph 
b R = pCIPh, Ar = Ar’ -  Ph 
c R = Me, Ar = Ar1 = Ph 
d R = Ar = Ph, Ar' = pN 02Ph 
e R = /?ClPh, Ar = Ph, Ar' =/?N02Pl
Scheme 1.28 Reaction o f  substituted benzils with phenylhydrazines 
dihydrazones
giving
For the ‘mixed* dihydrazones 115d-e it was necessary to first synthesise the monophenyl 
hydrazone This was easily obtained in the case of dichlorobenzil, the monophenyl 
hydrazone being a side product of the synthesis of the diphenylhydrazone To synthesise
the benzil monophenylhydrazone, equimolar amounts of benzil and phenylhydrazme 
were reacted together by heating in ethanol Evaporation of the solvent gave the 
monohydrazone in good yields
To synthesise the dihydrazone 115d-e, the monophenylhydrazones were heated with 
one equivalent of p-mtrophenyl hydrazine in the absence of solvents After melting the 
mixture was stirred for a further 2 hours at 150-160°C Cooling, and addition of acetic 
acid afforded the mixed dihydrazones in moderate yields (57%, 42%)
The next step involved the oxidation of the dihydrazones 115 to the bisarylazo 
analogues 117 The oxidation has been earned out using a number of reagents including 
nickel peroxide m benzene, sodium dichromate in acetic acid, sodium in ethanol, 
thallium tnacetate in acetic acid, lead dioxide in dichloromethane, lead tetraacetate in 
acetic acid or dichloromethane and lodobenzene diacetate in acetic acid 41,54
Stimng the dihydrazones in glacial acetic acid at room temperature with excess lead 
tetraacetate as the oxidising agent gave the required oxidised products in good yields
a R = Ph, Ar = Ar' = Ph
b R = pCIPh, Ar =  Ar' = Ph R N
c R = Me, Ar = Ar’ = Ph
d R = Ph, Ar = Ph, Ar’ = p N 0 2?h II
e R = pC lPh, Ar = Ph, Ar’ = pN 02Ph A rN =N  R
Scheme 1.29 Oxidation o f dihydrazones with lead tetraacetate to give bis- 
arylazostilbenes
- Pb(OAc)2 
-AcOH
117
All of the products were deeply coloured due to the extent of conjugation throughout 
the system Gs-l,2-bisphenylazostilbene 117a and czs-l,2-bisphenylazo(4,4’- 
dichloro)stilbene 117b have been shown to exist in dynamic equilibrium with the 
mesoiomc form 118a and b The mesoiomc structure 118 represents an azomethine 
system, and so, is capable of undergoing 1,3-dipolar cycloadditions
However, 2,3-bisphenylazo-2-butene 117c does not readily adopt the mesoiomc 
structure37 It is probable that the most stable form of 2,3-bisphenylazo-2-butene has a 
trans geometry across the C=C bond, having the bulky azo groups away from each 
other Cis-trans isomensation can be achieved in the presence of HC1, and the cis- 
lsomer then adopts the mesoiomc form (See Scheme 1.12)
Heating 1,2-bisphenylazostilbene 117a and 1,2-bisphenylazo(4,4’-dichloro)stilbene
117b m the absence of solvent gives good yields of the tnazole 37
I t
R
-N=NAr
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N =N A r R
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Scheme 130 Formation o f  tnazole from  the heating and irradiation o f  
bisarylazostilbenes (117a R = P h,ll 7b R= pCIPh)
The same tnazole 119 was also formed on irradiation of a benzene solution of the 
stilbenes The formation of the tnazoles can be rationalised in terms of the thermal and 
photochemical fragmentation of the corresponding phenyhminotnazohum denvatives, 
resulting in the loss of phenyl mtrene
When 2,3-bisphenylazo-2-butene 117c is subjected to thermolysis or photolysis under 
similar conditions, no tnazole is produced, due to the stable iraws-geometry across the 
C=C bond Katntzky et at55 reported that when heated at 190°C for 2-3 minutes the 
purple 2,3-bisphenylazo-2-butene is converted to a yellow isomer (mp 230-233°C) It 
was suggested that this was a cis-trans isomensation However when we earned out the
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same reaction it was found that the bisphenylazo compound 117c gave a yellow product 
which we identified as the bisphenylhydrazone 115c (Scheme 1.31)
P h w N.
N'
h 3c
CH,
'N
II
N,
H , C \  / P h  
3 N
A
Ph Ph H
117c 115c
Scheme 1.31 Reduction o f 2,3-bisphenylazo-2-butene by heating
The reaction has also been earned out in an inert atmosphere and in some solvents, 
those being acidified ethanol, glacial acetic acid and toluene, and under all these 
conditions the bisphenylhydrazone is obtained
The occurrence of this reduction is both surpnsing and puzzling Under the reaction 
conditions, there is no reducing agent present and no source of hydrogen atoms 
Applying the definition that oxidation is the loss of electrons and reduction is the gam 
of electrons, and that they occur concurrently, it would be expected to have an 
accompanying oxidation However there are no obvious compounds present in the 
reaction mixture and only bisphenylhydrazone is obtained when the reaction is 
completed
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1 4.2. Reactions ofTriazohum Imide l y3-Dipoles
14  21  Reactions with Isocyanates
The reactions of tnazohum imide 1,3-dipoles 118 with isocyanates 120 have been 
extensively studied32351 Isocyanates add to the 1,3-dipole across the O N  bond, 
followed by a 1,4-sigmatropic rearrangement to give the bicychc adducts 122 in good 
yields
N - P h
1,3-Dipolar cycloaddition
R = Ph, Me, pCIPh 
Ar = Ph,/?OMePh,/?BrPh
1,4-Sigmatropic rearrangement
Ph
\ R
N~
0
N'
/
N x\\ +
N - _ /
N
Ph
Ar R
122
Scheme 132 Mechanism o f the 1,3-dipolar cycloaddition and 1 A-sigmatropic 
rearrangement which gives bicychc imidazo-l,2,3-triazoles
The reactions are usually earned out m re fluxing acetone, although benzene and toluene 
can also be used and reach completion in 1-4 hours All adducts 122 show the 
charactenstic bndgehead carbon signals at 90-100ppm and the carbonyl signal at 
~170ppm The adduct 122a obtained from the reaction of phenyl isocyanate and 1,2- 
bis(phenylazo)stilbene 117a (R* = H) has a plane of symmetry and so only half of the 
expected signals are seen on the 13C NMR spectrum This plane of symmetry is 
removed by the use of substituted isocyanates e g 4-methoxyphenyhsocyanate and 4- 
bromophenylisocyanate For the adducts obtained by the use of these substituted 
isocyanates in the cycloaddition, all of the expected signals were seen m the 13C NMR
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I spectrum All of the rearranged adducts are crystalline solids, with sharp melting points
and white or pale brown in colour (Table 1 4)
The cycloadditions of 1,2-bis(phenylazo)butene 117c were earned out in dry acetone 
with a steady stream of HC1 gas bubbling through the reaction mixture The HC1 was 
required to catalyse the trans-cis isomensation of the oxidised dihydrazone, enabling it 
to adopt the mesoiomc 1,3-dipole formation The yields for this reaction were lower 
than for the aryl substituted dipoles This is probably due to the fact that isocyanates are 
easily hydrolysed under acidic conditions, giving primary amines as products
Reaction with N-tosyl isocyanate
The tosyl group is a well known protecting group, but is sometimes difficult to remove 
(see Chapter 2) The presence of this functional group on a nitrogen atom in the bicyclic 
adduct would give scope for different functional groups to be introduced to the 
molecule
The addition of tosyhsocyanate to the dipole 118a proceeded in the usual way, a 1,3- 
dipolar cycloaddition followed by a 1,4-sigmatropic rearrangement Again the reaction 
was earned out in refluxing acetone and the product required a large volume of ethanol 
for recrystallisation Yields of 122j for this reaction were high (77%)
Attempts to remove the tosyl group by treatment with sodium ethoxide in ethanol failed 
to give the required product After 5 days reflux, no reaction had occurred although 
similar reactions have been reported to take place at room temperature in two hours56
Reaction with Chlorosulfonyl isocyanate
Chlorosulfonyl isocyanate has previously been used as a dipolarophile 57 The reaction 
of the isocyanate with l,2-bis(phenylazo)stilbene 117a proceeded as expected, with 
addition across the C=N bond and 1,4-sigmatropic rearrangement The reaction was 
earned out in sodium-dned benzene because of the mstabilty of the isocyanate in the 
presence of water
Benzenethiol-pyndine reduction of the chlorosulfonyl group gave the novel adduct 
122k in reasonable yield It was hoped that removal of the proton from nitrogen may
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facilitate ring opening to give the required pentazocine However, prolonged heating of 
the adduct in methanol in the presence of sodium methoxide gave no reaction Heating 
the adduct in toluene also resulted in no change in the molecule
R,
R
- N\
, N - P h
+  R '
N - P h
118
Ph
N = C = 0
120
0
R’
\
N-
N
/
R
'N xV +
N - P h
-  /
■N
R
122
122 R R' Yield % M.p. °C
a c 6h 5 c 6h 5 61 231-232
b c 6h 5 p-BrCel U 84 234-236
c c 6h 5 /)-OMeC(,Il4 76 222-224
d p-ClCfiHt c 6h 5 82 214-216
e p-ClC(1H4 /?-BrC6H4 82 286-288
f p-ClC6H4 /)-OMeC(1] 14 72 236-238
g c h 3 c 6h 5 58 240
h c h 3 p-BrCeH4 47 190
i CfiHs Ts 77 249-250
J CsHj C102S 46 207
k c 6h 5 H 60' 263
Table 1.4 Yields and melting points o f the 5-oxo-imidazo-l ,2,3-triazoles
1 This yield does not refer to the cycloaddition reaction, but to the dechlorosulfonylation 
reaction
1 4 2 2 Reactions with Isothiocyanates
The reactions of tnazohum lmide 1,3-dipoles 118 with isothiocyanates have also been 
studied extensively Isothiocyanates can cycloadd to 1,3-dipoles across either the C=S 
bond or the N=C bond, depending on the substituents on the aryl ring Again, the 
reaction was earned out in dry acetone followed by removal of the solvent and 
recrystallisation from ethanol Yields of the cycloadducts 124a-d were moderate to 
good but lower than the corresoponding yields for addcuts 122 due to the competing 
addition across the C=S bond Electron-donating groups like the methoxy group should 
onentate the reaction towards addition at the C=N bond and yields were expected to be 
better than those achieved
R
N -P h
-+ /
‘N 
\ _
N- Ph
118
+ R ’— N = C = S
123
Ph
R'
\
N-
N “
/
R
■N
-  / 
N
\N + 
N - P h
R
124
124 R R’ Yield % M p #C
a c 6h 5 p-BrC6H4 30 256
b c 6h 5 /?-OMeC6H4 18 230-232
c p-CICôFU /?-BrC6H4 27 260
d p-CICeftt p-OMeCéH4 38 260
Table 1 5 Yields and melting points o f  the 5-thio-imidazo-l,2,3-triazoles
49
* 1.5 Conclusion.
The range of imidazo-l,2,3-tnazoles, obtained by the cycloaddition of tnazolium unide 
dipoles with isocyanates and isothiocyanates, has been extended by varying the starting 
materials
Varying the starting benzil derivatives and subsequently the 1,3-dipole, leads to bicyclic 
adducts with various substitutents at the bridgehead carbons For the first time, lmidazo-
1,2,3-tnazoles with methyl groups at the bridgehead positions have been obtained 
Synthesis of these molecules was successful despite the fact that the dipolarophiles are 
hydrolysable in acidic conditions It is necessary to carry out the cycloaddition in the 
presence of HC1 gas in order for the dipole to form
By using different aryl isocyanates and isothiocyanates, the substitution on the N-4 
atom was varied Of interest was the use of /?-toluenesulfonyl isocyanate and 
chlorosulfonyl isocyanate as dipoles It proved difficult to remove the /?-toluenesulfonyl 
group, however the chlorosulfonyl group was easily removed by benzenethiol-pyridine 
reduction Attempts were made to induce ring opening by base catalysed deprotonation 
of the N-4 atom However these were not successful
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* 1 6 Experimental
Infrared spectra were measured on a Perkin-Elmer System 2000 FT-IR
NMR spectra were recorded on a Bruker 400MHz spectrometer
Microanalytical data was provided by the Chemistry Department in University College,
Dublin
Melting points were recorded on a Griffin Melting Point Apparatus and are uncorrected
1 6.1. Synthesis o f 1,3-Dipoles'
1 6 1 1  Synthesis o f 4,4r-dichlorobenzil (112)
4-Chlorobenzaldehyde (14g, 0 lmol) and 50cm3 aqueous ethanol were 
o placed in round-bottomed flask Potassium cyanide (5g, 0 07mol) m
0 10cm3 of water was added and the mixture was stirred under reflux for
3 hours The orange solution was diluted with 100cm3 of water and 
cooled at —4°C overnight The ethanol/water mixture was decanted off, leaving a
viscous orange oil 60cm3 of concentrated nitric acid was added and the mixture was 
stirred under reflux until the emission of brown fumes of nitnc oxides had ceased 
(approx 10 hours) The mixture was cooled to room temperature, poured into 350cm3 
of cold water, and crystallisation of a yellow solid occurred immediately The mixture 
was left to further crystallise overnight and the solid was removed by filtration, yielding 
12 92g (0 046mol, 92%) of 4,4'-dichlorobenzil 
M p  198-199°C (lit 198-199°C)
*H (CDCI3) (ppm)- 7 56 (4H, d, J=8Hz), 7 69 (4H, d, J=8Hz), (all phenyl H)
13C (CDCh) (ppm) 128 84, 129 72 (phenyl CH), 131 24, 131 75 (phenyl C), 137 87 
(C=0)
1 6 1 2  Synthesis o f benzil monophenylhydrazone
Benzil (5g, 0 0238mol) and phenylhydrazine (2 5cm3, 
0 0254mol) were stirred under reflux in 75cm3 of ethanol and 
lcm3 of acetic acid for 2 hours Concentration of the solvent 
yielded 3 75g (0 0125mol 53%) of the monohydrazone which 
was removed by filtration and washed with hexane
M.p.: 134°C (lit 135°C)
1H (DMSO-d6) (ppm). 6 90 (1H, t), 7 21 (4H, m), 7 40 (2H, d), 7 56 (6H, m), 7 90 (2H, 
d) (all aromatic protons), 10 11 (1H, s) (N-H)
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,3C (DMSO-di) (ppm): 114 87, 122 07, 127 99, 129 17, 129 29, 129 37, 129 31, 
131 23,131 55,139 67, 141 41,144 16 (C=N and aromatic Cs), 191 65 (C=0)
1 6 1 3  Synthesis o f 4,4(-dichlorobenzil- monophenylhydrazone
4,4'-Dichlorobenzil (2 5g, 009mol) and phenylhydrazine 
(2cm3, 0 02mol) were stirred under reflux in glacial acetic 
acid for 2 hours The red solution was cooled to room 
temperature, during which time a yellow solid formed This 
was removed by filtration and washed with pet ether 40-60 
It was found to be the mono-hydrazone 
M p 170-172°C
'H (DMSO-di) (ppm). 6 91 (2H, t, J=8Hz), 7 16-7 26 (5H, m), 7 40 (2H, d, J=8Hz), 
7 58 (2H, d, J=8Hz), 7 90 (2H, d, J=8Hz) (all phenyl H), 10 24 (1H, s) (N-H)
13C (DMSO-dt) (ppm) 114 60, 122 01, 127 76, 128 93, 129 11, 129 68 , 131 67,
131 87, 133 72, 136 04, 137 45,143 58 (O N  and aromatic Cs), 189 65 (C=0)
1 6 1 4  Synthesis o f l,2-bis(phenylhydrazone)stilbene (115a)
Benzil (5g, 0 024mol) and phenylhydrazine (5 0cm3, 0 05mol) 
were stirred under reflux in 50cm3 glacial acetic acid for 1 
hour The solution was cooled in ice, and a yellow solid 
formed This was removed by filtration and washed with pet 
ether 40-60, yielding 7 24g (0 018mol, 75%) of 1,2- 
bis(phenylhydrazone)stilbene 
M p 222-224°C (lit 234°C)29
(DMSO-ds) (ppm): 6 79 (2H, t, J=8Hz), 7 20 (4H, t, J=8Hz), 7 27 (2H, t, J=8Hz), 
7 32-7 37 (8H, m), 7 60 (4H, d, J=8Hz) (all phenyl CH), 9 62 (2H, s) (N-H)
13C (DMSO-d6) (ppm) 113 77, 120 02, 125 7, 128 16, 128 99, 129 14, 135 87, 135 94 
(all phenyl C and CH), 145 52 (C=N)
1 6 1 5  Synthesis o f  1,2-bis(phenylhydrazone)-4,4 ’-dichlorostilbene (115b)
The solvent was removed from the filtrate under vacuum 
and the residue was recrystallised from ethanol yielding
1 34g (0 003mol, 33%) of the yellow 1,2-
bis(phenylhydrazone)-4,4'-dichlorostilbene 
M.p 190-192°C (lit 205°C)
*H (DMSO-dfi) (ppm). 6 80 (2H, t, J=8Hz), 7 20 (4H, t,
J=8Hz), 7 32 (4H, d J=8Hz), 7 41 (4H, d, J=12Hz), 7 56 (4H, d, J=12Hz) (all phenyl H),
9 78 (2H, s) (N-H)
,3C (DMSO-dfi) (ppm). 113 50 (phenyl CH), 119 99 (phenyl C), 126 85, 128 73, 
128 84, 132 25 (all phenyl CH), 133 79 134 34 (phenyl C), 144 93 (C=N)
1 6 1 6  Synthesis o f 1,2-bis(phenylhydrazone)butene (115c)
2,3-Butadione (3 5cm3, 0 04mol) and phenylhydrazine (10cm3, 
0 lOmol) were stirred in 30cm3 of glacial acetic acid at room 
temperature for 45 minutes The resulting yellow crystals were
removed by filtration and washed with pet ether 40-60, yielding
9 45g (0 035mol, 89%) of 1,2-bis(phenylhydrazone)butene 
M p 242-244°C (lit 245°C)
'H  (DMSO-dfi) (ppm) 2 20 (6H, s) (CH3), 6 75 (2H, t, J=4Hz), 7 215 (8H, d, J=4Hz)
(all phenyl CH), 9 25 (2H, s) (N-H)
,3C (DMSO-dfi) (ppm) 10 94 (CH3), 113 03, 119 18, 129 23, 143 09 (all phenyl C and 
CH), 146 18 (C=N)
1 6 1 7  Synthesis o f  l-(phenylhydrazone)-2-(p-nitrophenylhydrazone)stilbene(115d) 1
Benzil-monophenylhydrazone (3g, 0 Olmol) and p- 
mtrophenylhydrazine (1 53g, 0 Olmol) were heated at 
150°C for 2 hours On cooling and the addition of acetic 
acid, the dihydrazone fell out of solution The mixture 
was heated and on cooling the pure dihydrazone was 
formed This was removed by filtration, yielding 2 48g 
(0 0057mol, 57%)
Procedure take from Alexandrou, N E Tetrahedron, 1966, 22, 1309
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► M p.. 253°C(ht 255°C)58
Spectroscopic analysis was not earned out on this compound
1 6 1 8  Synthesis o f 1-(phenylhydrazone)-2-(p-nitrophenylhydrazone)-4,4'- 
dichlorostilbene (115e)
4,4’-Dichlorobenzil- monophenylhydrazone (2 39g, 
0 0065mol) and p-mtrophenylhydrazine (lg, 
0 0065mol) were heated at 150-160°C for 2 hours The 
mixture was cooled and then stirred under reflux in 
glacial acetic acid for a further 2 hours After cooling, 
o the dihydrazone was removed by filtration It was 
recrystalhsed from ethanol yielding 1 36g (0 0027mol, 42%)
M p 236°C
'H (DMSO-di) (ppm): 7 20-7 69 (19H, m) (all aromatic H), 9 63 (1H, s), 10 52 (1H, s) 
(bothN-H)
13C (DMSO-di) (ppm): 113 28, 113 82 (C=N), 125 57, 125 71, 125 99, 126 42, 128 14, 
128 29, 128 99,129 09, 129 18, 129 30, 129 37, 135 06, 135 71, 135 89, 139 57, 141 52 
(all aromatic CH)
1 6 1 9  Synthesis o f l,2-bis(phenylazo)stilbene (117a)
l,2-Bis(phenylhydrazone)stilbene (2 Og, 0 005mol) was stirred 
in 25cm3 glacial acetic acid Lead tetraacetate (4 5g, 0 Olmol) 
was ac^ ed and the mixture stirred for 30 minutes, after which 
time the brown 1 68g (0 004mol, 90%) 1,2-
bis(phenylazo)stilbene was removed by filtration and washed with petroleum ether 40- 
60
M p 165-167°C (lit 179°C)32b
’H (CDCI3) (ppm) 6 85 (1H, t, J=7 2Hz), 7 02 (2H, d, J=7 6Hz), 7 12 (2H, d, 
J=7 6Hz), 7 26-7 35 (5H, m), 7 38 (1H, t, J=7 6Hz), 7 48 (2H, d, J=6 4Hz), 7 52-7 55 
(1H, q) (all aromatic CH)
13C (CDC13) (ppm): 119 10, 123 88, 127 50, 128 84, 129 12, 129 26, 129 32, 129 40, 
130 37,131 80,132 75
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Cl
1 6 1 10 Synthesis o f l,2-bis(phenylazo)-4,4'-dichlorostilbene (117b)
C1^  ^  l,2-Bis(phenylhydrazone)-4,4'-dichlorostilbene (2 Og,
0 004mol) was stirred in 25cm3 glacial acetic acid Lead 
tetraacetate (3 5g, 0 07mol) was added and the mixture 
stirred for 30 minutes, after which time 1 26g (0 0027mol, 
67%) of the brown l,2-bis(phenylazo)stilbene was removed by filtration and washed 
with petroleum ether 40-60 
M.p. 196-198°C (lit 205°C)37
'H (CDCb) (ppm): 6 95 (1H, d, J=7 6Hz), 7 40 (2H, d, J=8 0Hz), 7 15-7 22 (4H, m), 
7 30 (2H, d, J=8 8Hz), 7 36 (5H, m), 7 42 (2H, d, J=8 8Hz) 7 53-7 55 (2H, q)
13C (CDClj) (ppm): 123 92,127 83,129 57, 129 69,130 61,133 96
1 6 1 1 1  Synthesis o f 1,2-bis(phenylazo)butene (117c)
l,2-Bis(phenylhydrazone)butene (2 Og, 0 0075mol) was stirred in 
25cm3 glacial acetic acid Lead tetraacetate (6 Og, 0 013mol) was 
added and the mixture stirred for 30 minutes, after which time 1 59g 
(0 006mol, 80%) of the brown l,2-bis(phenylazo)butene was 
removed by filtration and washed with petroleum ether 40-60 
M p 158-159°C (lit 159°C)37
'H (DMSO-d6) (ppm) 1 25 (6H, s) (CH3), 7 27 (4H, d, J=4Hz), 7 64-7 70 (2H m), 7 99 
(4H, d) (all phenyl CH)
l3C (DMSO-d6) (ppm) 11 34 (CH3), 123 62, 129 53, 131 58,153 95,157 48
1 6 1 1 2  Synthesis o f l-(phenylazo)-2-(p-mtrophenylazo)stilbene (117d)
l-(Phenylhydrazone)-2-(p-mtrophenylhydrazone) stilbene 
(2g, 0 0045mol) and lead tetraacetate (3g, 0 0068mol) 
were stirred for 30 minutes in 25cm3 of glacial acetic acid 
The mixture was filtered yielding 1 6g (0 0037mol, 82%) 
of l-(phenylazo)-2-(p-mtrophenylazo)stilbene, which was 
washed with petroleum ether or hexane
M.p..90°C (lit 89-91°C)59
Spectroscopic analysis was not earned out on this compound
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► 1 6 1 1 3  Synthesis o f l-(phenylazo)-2-(p-mtrophenylazo)-4,4'-dichlorostilbene (117e)
l-(Phenylhydrazone)-2-(p-mtrophenylhydrazone)- 
4,4'-dichlorostilbene (2g, 0 0040mol) and lead
tetraacetate (3g, 0 0068mol) were stirred for 30 
- minutes in 25cm3 of glacial acetic acid The mixture 
jj was filtered, yielding 1 3g (0 0026mol, 65%) of 1-
(phenylazo)-2-(p-mtrophenylazo)-4,4'- 
dichlorostilbene which was washed with petroleum ether or hexane 
M .p. 132°C
!H (DMSO-d6) (ppm): 7 20-7 70 (15H, m), 8 14 (2H, d) (all aromatic CH)
1 6 1 14 Thermolysis o f 1,2-bis(phenylazo)butene (117c)
l,2-Bis(phenylazo)butene (0 23g, 0 87mmol) was heated in a stoppered flask at 200- 
210°C for 5 minutes The purple compound melted and yellow fumes were given off 
5cm3 of ethanol was added and a yellow powder appeared This was removed by 
fitration, yielding 0 22g (0 83mmol, 95%) of l,2-bis(phenylhydrazone)butene (115c) 
NMR spectra were identical to those o f  (115c)
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► 1 6  2 Cycloadditions with Isocyanates as Dipolarophiles:
1 6 2 1  Synthesis o f 2,3 a,4,6,6a-pentaphenyl-5-oxo-3,3a,4,5,6,6a-hexahydroinudazo 
[4,5-d]-1,2,3-triazole (122a)
l,2-Bis(phenylazo)stilbene (0 5g, 0 0013mol) and
phenyhsocyanate (0 5cm3, 0 46mol) were stirred under reflux
in dry acetone for 3 hours The acetone was removed under 
vacuum, and the residue recrystallised from ethanol, yielding 
0 41g (0 0008mol, 61%) of 2,3a,4,6,6a-pentaphenyl-5-oxo- 
3,3a,4,5,6,6a-hexahydroimidazo[4,5-d]-l,2,3-tnazole 
M p  231-232°C (lit 232-233°C)51
'H (DMSO-di) (ppm) 6 94-6 99 (6H, m), 7 07-7 10 (6H, m), 7 28 (4H, t, J=8Hz), 
7 73-7 84 (7H, m), 8 49 (2H, d, J=8Hz) (all phenyl H)
13C (DMSO-dé) (ppm)- 96 07 (C-3a, C-6a), 122 72, 124 41, 125 02, 127 47, 127 71,
128 14, 128 37, 129 82, 133 04 (all phenyl CH), 134 41, 137 10, 139 57 (all phenyl C), 
155 49 (C=0)
1 6 2 2 Synthesis o f 2,3a, 6,6a-tetraphenyl-4-(4-bromophenyl)-5-oxo-3,3a, 4,5,6,6a 
hexahydroimidazo-[4,5-d]-1,2,3-tnazole (122b)
l,2-Bis(phenylazo)stilbene (0 5g, 0 0013mol) and 4-
bromophenyhsocyanate (0 26g, 0 0013mol) were stirred under 
reflux in dry acetone for 3 hours The acetone was removed 
under vacuum, and the residue recrystallised from ethanol, 
yielding 0 63g (OOOllmol, 84%) of 2,3a,6,6a-tetraphenyl-4- 
(4-bromophenyl)-5-oxo-3,3a,4,5,6,6a-hexahydroimidazo-[4,5- 
d]-l,2,3-tnazole 
M.p 234-236°C (lit 236°C)51
I R  (KBr) (cm-1) 1717 (C=0 stretch), 1588, 1491, 1448 (aromatic C-C stretch), 825 
(p-substituted Ph, C-H vibration), 698, 758 (monosubstituted Ph)
‘H (DMSO-d6) (ppm)- 6 94-7 08 (11H, m), 7 25 (2H, t, J=8Hz), 7 34 (2H, d J=8Hz), 
7 60, (2H, t, J=8Hz), 7 66, (1H, t, J=4Hz), 7 73-7 80 (4H, m), 8 46 (2H, d, J=8Hz) (all 
phenyl H)
I3C (DMSO-d6) (ppm): 96 38, 96 62 (C-3a, C-6a), 117 61, 122 89, 124 08, 124 94, 
127 99, 127 41, 127 48, 127 75, 127 86, 128 10, 128 19, 128 39, 129 24, 131 32 (all
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phenyl CH), 132 26, 134 59, 137 63, 136 61, 137 13, 140 07(all phenyl C), 155 98 
(C=0)
1 6  2 3 Synthesis o f 2,3a, 6,6a-tetraphenyl-4-(4-methoxyphenyl)-5-oxo-3,3a,4,5,6,6a 
hexahydroimidazo-[4,5-d]-1,2,3-triazole (122c)
l,2-Bis(phenylazo)stilbene (0 5g, 0 0013mol) and 4-
methoxyphenylisocyanate (0 17cm3, 0 0013mol) were stirred 
under reflux in dry acetone for 3 hours The acetone was 
removed under vacuum, and the residue recrystalhsed from 
ethanol, yielding 0 52g (OOOlOmol, 76%) of 2,3a,6 ,6a- 
tetraphenyl-4-(4-methoxyphenyl)-5-oxo-3,3a,4,5,6,6a- 
hexahydroimidazo-[4,5-d]-l,2,3-tnazole 
M p 222-224°C (lit 222-223°C)51
IR  (KBr) (cm'1) 1713 (C=0 stretch), 1513, 1449 (aromatic C-C stretch), 822 (p- 
disubstituted Ph), 689, 747 (monosubstituted Ph)
'H (DMSO-da) (ppm): 3 69 (3H, s) (OCH3), 6 87 (2H, d, J=12Hz), 6 95-7 02 (6H, m), 
7 06-7 13 (5H, m), 7 28 (2H, t, J=8Hz), 7 62 (2H, d, J=12Hz), 7 74-7 82 (5H, m), 8 50 
(2H, d, J=8Hz) (all phenyl CH)
l3C (DMSO-dt) (ppm) 55 44 (OCH3), 96 42, 96 50 (C-3a, C-6a), 113 98, 123 08, 
124 51, 125 14, 127 22, 127 82, 127 97, 128 03, 128 08, 128 49, 128 70, 130 06, 
130 19,133 36,134 89, 137 65, 140 00 (all phenyl C and CH), 157 20 (C=0)
1 62  4 Synthesis o f  2,4,6-triphenyl-3a,6a-bis(4-chlorophenyl)-5-oxo-3,3a,4,5,6,6a-
hexahydroimidazo[4,5-d]-l,2,3-triazole (122d)
l,2-Bis(phenylazo)-4,4’-dichlorostilbene (0 5g, 0 0011 mol) and 
phenylisocyanate (0 15cm3, 0 00 Mmol) were stirred under 
reflux in acetone for 4 hours The acetone was removed under 
vacuum and the residue was recrystallised from ethanol, 
yielding 0 52g (0 0009mol, 82%) of 2,4,6-tnphenyl-3a,6a-bis- 
(4-chlorophenyl)-5-oxo-3,3a,4,5,6,6a-hexahydroimidazo-[4,5- 
d]-l,2,3-tnazole 
M.p. 214-216°C
IR  (KBr) (cm"1) 1700 (C=0), 1560 (aromatic C-C stretch), 802 (p-substituted Ph, C- 
H vibration), 773, 752 (monosubstituted Ph)
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> 'H (DMSO-dj) (ppm): 7 09-7 14 (6H, m), 7 18 (4H, d, J=8Hz), 7 31 (4H, t, J=8Hz),
7 76 (6H, t, J=8Hz), 7 83, (1H, t, J=8Hz), 8 51 (2H, d, J=8Hz) (all phenyl CH) 
l3C (DMSO-d6) (ppm) 95 93 (C3a, C6a), 123 19, 124 88, 125 69, 128 29, 128 86, 
129 93, 130 19, 133 39, 133 54, 133 94, 137 11, 139 82 (all phenyl C and CH), 155 56 
(O O )
M W. 576 49gmol', C33H23CI2N5O
Microanalysis. Theory C 68 75%, H 4 03%, N 12 15%
Found C 69 02%, H 4 23%, N 11 95%
1 6 2 5 Synthesis o f  2,6-bisphenyl-4(4-bromophenyl)-3a,6a-bis(4-chlorophenyl)-5-oxo- 
3,3a, 4,5,6,6a-hexahydroimidazo[4,5-d]-l,2,3-triazole (122e)
l,2-Bis(phenylazo)-4,4'-dichlorostilbene (0 5g, 0 OOllmol) and 
4-bromophenylisocyanate (0 26g, 0 0013mol) were stirred 
under reflux m acetone for 3 5 hours The acetone was 
removed under vacuum and the residue was recrystalhsed from 
ethanol, yielding 0 59g (0 0009mol, 82%) of 2,6-bisphenyl- 
4(4-bromophenyl)-3a,6a-bis(4-chlorophenyl)-5-oxo- 
3,3a,4,5,6,6a-hexahydroimidazo[4,5-d]-l,2,3-tnazole
IR  (KBr) (cm"1): 1718 (C=0), 1560 (aromatic C-C stretch), 843 (p-substituted Ph, C- 
H vibration), 771, 752 (monosubstituted Ph)
’H (DMSO-d4) (ppm). 6 95-7 01 (8H, m), 7 09 (1H, t, J=8Hz), 7 27 (2H, t, J=8Hz),
7 36 (2H, d, J=8Hz), 7 62 (2H, t, J=8Hz), 7 685 (3H, d, J=12Hz), 7 73 (2H, d, J=8Hz),
8 45 (2H, d, J=8Hz) (all phenyl H)
l3C (DMSO-dé) (ppm) 95 82, 96 06 (C-3a, C-6a), 118 06 (phenyl C), 122 84, 124 10, 
125 02, 125 31, 128 24, 128 36, 128 56, 128 73, 128 80, 129 35, 131 50, 132 84 (all 
phenyl CH), 133 17, 133 20, 134 44, 134 56, 136 17, 136 69, 139 81 (all phenyl C), 
155 63 (C=0)
M W 655 39gmol ', CssHjjBrCbNjO
Microanalysis: Theory C 60 48%, H 3 38%, N 10 69%
Found C 60 18%, H 3 30%, N 10 28%
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1 6 2  6 Synthesis o f 2,6-bisphenyl-4(4-methoxyphenyl)-3a,6a-bis(4-chlorophenyl)-5- 
oxo-3,3a, 4,5,6, 6a-hexahydroimidazo[4,5-d]-l,2,3~triazole (122f)
1,2-Bis(phenylazo)-4,4'-dichlorostilbene (0 5g, 0 0011 mol) 
and 4-methoxyphenylisocyanate (0 18cm3, 0 0014mol) were 
stirred under reflux in acetone for 2 5 hours The acetone was 
removed under vacuum and the residue was recrystalhsed 
from ethanol, yielding 0 48g (0 0008mol, 72%) of 2,6- 
bisphenyl-4(4-methoxyphenyl)-3a,6a-bis(4-chlorophenyl)-5- 
MeO u  oxo-3,3a,4,5,6,6a-hexahydroimidazo[4,5-d]-l,2,3-tnazole
M p 236-238°C
I R (KBr) (cm'1) 1743 (C=0), 1595 (aromatic C=C stretch), 860 (p-substituted Ph, C- 
H vibration), 771, 705 (monosubstituted Ph)
*H (DMSO-d6) (ppm) 3 68 (3H, s) (OCH3), 6 87 (2H, d, J=8Hz), 7 07-7 11 (5H, m), 
7 14 (2H, d, J=8Hz), 7 19 (2H, d, J=8Hz), 7 27-7 34 (2H, m), 7 59 (2H, d, J=8Hz), 7 71- 
7 77 (4H, q, J=8Hz), 7 82 (1H, t, J=8Hz), 8 49 (2H, d, J=8Hz) (all phenyl H)
,3C (DMSO-d6) (ppm). 55 45 (OCH3), 95 00, 95 90 (C3a, C6a), 114 08, 114 30, 
120 27, 123 15, 124 61, 125 44, 127 35, 128 29, 128 82, 129 67, 129 89, 130 05, 
130 15, 133 30, 133 35, 133 48, 134 04, 137 29, 139 87, 155 92 (all phenyl C and CH), 
157 40 (O O )
M.W. 606 52gmol \  C34H25CI2N 5O2
Microanalysis: Theory C 67 33%, H 4 15% N 11 55%
Found C 66 87%, H 4 15%, N 11 38%
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1 6 2  7 Synthesis o f  2,4,6-triphenyl-3a,6a-dimethyl-5-oxo-3,3a,4,5,6,6a- 
hexahydroimidazo-[4,5-d]-l,2,3-triazole (122g)
l,2-Bis(phenylazo)butene (0 5g, 0 0019mol) and
phenyhsocyanate (0 3cm3, 0 0027mol) were stirred under
N,s + / = \  reflux m dry acetone in the presence of dry HC1 gas1 for 45
/ /
n N— / minutes The acetone was removed under vacuum and the
residue was dissolved in ethyl acetate This was washed with 3 
20cm3 aliquots of saturated sodium hydrogen carbonate, 
followed by 3 20cm3 aliquots of distilled water The organic layer was dried over 
anhydrous magnesium sulphate and the ethyl acetate removed under vacuum The 
residue was recrystalhsed from ethanol, yielding 0 42g (OOOllmol, 58%) of the pale 
yellow 2,4,6-tnphenyl-3a,6a-dimethyl-5-oxo-3,3a,4,5,6,6a-hexahydroimidazo[4,5-d]-
1,2,3-tnazole 
M.p. 240°C
I.R. (KBr) (cm'1): 1702 (C=0 stretch), 1600, 1472 (aromatic C-C stretch), 690, 757 
(monosubstituted Ph)
fH (DMSO-d6) (ppm): 1 60 (6H, s) (CH3), 7 31 (2H, t, J=7 2, 7 6Hz), 7 47 (4H, t, 
J=7 6, 8 0Hz), 7 60 (4H, d, J= 7 6Hz), 7 65 (2H, t, J=8 0, 7 2Hz), 7 72 (1H, t, J=7 2), 
8 24 (2H, d, J= 8 0Hz) (all phenyl CH)
13C (DMSO-d6) (ppm). 18 17 (CH3), 90 15 (C-3a, C-6a), 118 10, 122 38, 126 19, 
126 41, 128 82,129 40,136 35, 139 65 (all aromatic Cs), 154 71 (C O )
M.W. 384 46gmol \  C23H22N50
Microanalysis Theory C 71 85%, H 5 77%, N 18 22%
Found C 72 04%, H 5 49%, N 18 53%
1 Dry HC1 is produced by dropping conc sulphunc acid onto ammonium chlonde 
moistened by a small amount of hydrochloric acid The gas is then allowed to pass 
through two Dreschel bottles, one containing sulphunc acid which acts as a drying 
agent The second Dreschel is empty, preventing 'suckback* of the reaction mixture
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1 6 2  8 Synthesis o f 2,6-bisphenyl-4(4-bromophenyl)-3a,6a-dimethyl-5-oxo- 
3,3a, 4,5,6,6a~hexahydroimidazo[4,5-d]-l,2,3-triazole (122h)
l,2-Bis(phenylazo)butene (0 5g, 0 0019mol) and 4-
bromophenylisocyanate (0 27g, 0 0014mol) were stirred under 
Nv + reflux in dry acetone in the presence of dry HC1 gas for 1 hour
" A  / /n N—  The acetone was removed under vacuum and the residue was
dissolved in ethyl acetate This was washed with 3 20cm3 
aliquots of saturated sodium hydrogen carbonate, followed by 
3 20cm3 aliquots of distilled water The organic layer was dned 
over anhydrous magnesium sulphate and the ethyl acetate removed under vacuum The 
residue was recrystallised from ethanol, yielding 0 41g (0 0009mol, 47%) of 2,6- 
bisphenyl-4(4-bromophenyl)-3a,6a-dimethyl-5-oxo-3,3a,4,5,6,6a- 
hexahydroimidazo[4,5-d]-l,2,3-tnazole 
M p. 190°C
I R (KBr) (cm-1): 1702 (C=0 stretch), 1490, 1474 (aromatic C-C stretch),
(DMSO-d6) (ppm). 1 64 (6H, s) (CH3), 7 27 (1H, t, J=8Hz), 7 41 (2H, t, J=8Hz), 
7 50-7 54 (4H, m), 7 58-7 65 (5H, m), 8 22 (2H, d, J=8Hz) (all phenyl H)
13C (DMSO-d6) (ppm). 18 60, 18 68 (CH3), 90 36, 90 58 (C-3a, C6a), 119 38, 122 57 
(all phenyl C), 126 48, 126 56, 127 50, 128 79, 128 98, 131 79, 132 00 (all phenyl CH), 
135 70, 136 17 (all phenyl C), 155 20 (C=0)
MW 465 38gmor1,C23H23BrN50
1 6 2 9 Synthesis o f 2,3a,6,6a-tetraphenyl-4-tosyl-5-oxo-3,3a,4,5,6,6a-hexahydro
imidazo-[4,5-d]-1,2,3-triazole (122i)
l,2-Bis(phenylazo)stilbene (0 5g, 0 0013mol) and
tosylisocyanate (0 2cm3, 0 0013mol) were stirred under 
reflux in dry acetone for 24 hours The acetone was 
removed under vacuum and the residue recrystallised from 
ethanol yielding 0 58g (OOOlOmol, 77%) of 2,3a,6,6a 
tetrapheny 1-4-tosyl-5 -oxo3,3 a,4,5,6,6a-hexahydroimidazo- 
[4,5-d]-l,2,3-tnazole 
M.p 249-250°C
I.R. (KBr) (cm’1) 1734 (C=0 stretch), 1596, 1492, 1450 (aromatic C-C stretch), 841 
(p-disubstituted Ph), 747, 690 (monosubstituted Ph)
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► 'H (DMSO-d6) (ppm). 2 31 (CH3), 6 88-6 92 (5H, m), 6 99-7 12 (6H, m), 7 19 (2H, t,
J=8Hz), 7 73 (1H, t, J=7 2Hz), 8 05 (2H, d, J=8 4Hz), 8 52 (2H, d, J=8Hz) (all aromatic 
CH)
,3C (DMSO-d6) (ppm) 22 01 (CH3), 97 11, 98 33 (C3a, C6a), 123 27, 124 64, 126 09, 
128 05, 128 18, 128 76, 128 78, 128 93, 129 43, 129 69, 133 22, 133 85, 136 34, 
136 43,136 58,140 10,145 15 (all phenyl C and CH), 153 65 (C=0)
M W 585 69gmol', C34H27N50 3S
1 62  10 Synthesis o f 2,3 a,6,6a-tetraphenyl-4-chlorosulfonyl-5-oxo-3,3a,4,5,6,6a- 
hexahydroimidazo-[4,5-d]-l,2,3-triazole (122j)
l,2-Bis(phenylazo)stilbene (2 Og, OOOSmoles) and 
sulfonylisocyanate (0 43cm3, 0 OOSmoles) were stirred under 
reflux in 50cm3 sodium-dned benzene for 3 hours The solvent 
was removed under vacuum and the residue heated in ethanol 
The hot mixture was filtered yielding 1 2g (0 0023moles, 46%) 
of 2,3a,6,6a-tetraphenyl-4-sulfonyl-5-oxo-3,3a,4,5,6,6a- 
hexahydro imidazo-[4,5-d]-l,2,3-tnazole as a white powder 
M p 207°C
IR  (KBr) (cm-1): 1755 (C=0 stretch), 1492, 1450 (aromatic C-C stretch) 691, 752 
(monosubstituted Ph)
'H (DMSO-dfi) (ppm). 6 96-6 98 (4H, m), 7 10-7 13 (5H, m), 7 21-7 25 (2H, t, 
J=7 2Hz, J=7 6Hz), 7 36 (2H, t, J=8 0Hz), 7 2 (2H, d, J=7 6Hz), 7 79 (2H, t, J=7 2Hz), 
7 86 (1H, d, J=7 2Hz), 8 50 (2H, d, J=7 6Hz), (all aromatic H)
,3C (DMSO-ds) (ppm). 97 72, 97 99 (C3a, C6a), 123 32, 126 13, 126 94, 127 57, 
128 18, 128 22, 129 23, 130 33, 132 59, 133 95, 134 69, 135 29, 139 59 (all phenyl C 
and CH), 150 86 (C=0)
M W 445 53gmol ', C28H23N50
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1.6.3 Cycloadditions with Isothiocyanates as Dipolarophiles.
1 6  31  Synthesis o f 2,3a, 6,6a-tetraphenyl-4-(4-bromophenyl)-5-thio-3,3a, 4,5,6, 6a- 
hexahydroimidazo-[4,5-d]-1,2,3-triazole (124a)
l,2-Bis(phenylazo)stilbene (0 5g, 0 0013mol) and 4-
bromophenylisothiocyanate (0 28g, 0 0013mol) were stirred 
under reflux in dry acetone for 3 5 hours The acetone was 
removed under vacuum, and the residue recrystallised from 
ethanol, yielding 0 22g (0 0004mol, 30%) of 2,3a,6 ,6a- 
tetraphenyl-4-(4-bromophenyl)-5 -thio-3,3 a,4,5,6 ,6a- 
Br hexahydroimidazo-[4,5-d]-l,2,3-tnazole
M p 259°C (lit 261°C)51
IR  (KBr) (cm'1)’ 1490,1449 (aromatic C-C stretch), 692, 749 (monosubstituted Ph)
'H (DMSO-dfi) (ppm) 7 00 (6H, t, J=4Hz), 7 10-7 16 (4H, m), 7 23 (1H, t, J=8Hz), 
7 31 (2H, t, J=8Hz), 7 42 (2H, d, J=8Hz), 7 58 (2H, d, J=8Hz), 7 62-7 67 (4H, q), 7 73 
(1H, t, J=8Hz), 8 50 (2H, d, J=8Hz) (all phenyl H)
,3C (DMSO-dfi) (ppm) 100 60, 100 79 (C3a, C6a), 120 67, 123 18, 127 89, 128 11, 
128 17, 128 26, 128 72, 128 97, 129 42, 130 32, 131 35, 131 64, 133 66 , 133 70, 
133 82,138 00, 138 42, 139 63 (all phenyl C and CH), 183 98 (C=S)
1 6 3 2 Synthesis o f 2,3a, 6,6a-tetraphenyl-4-(4-methoxyphenyl)-5-thio-3,3af 4,5,6,6a-
hexahydroimidazo-[4,5-d]-1,2,3-tnazole (124b)
l,2-Bis(phenylazo)stilbene (0 5g, 0 0013mol) and 4-
methoxyphenyhsothiocyanate (0 25cm3, 0 0018mol) were 
stirred under reflux in dry acetone for 3 5 hours The acetone 
was removed under vacuum, and the residue recrystallised 
from ethanol The solution was filtered while still hot and the 
filtrate left to cool overnight The crystals were removed by 
filtration, yielding 0 13g (0 00023mol, 18%) of 2,3a,6 ,6a- 
tetraphenyl-4-(4-methoxyphenyl)-5-thio-3,3a,4,5,6,6a-hexahydroimidazo-[4,5-d]-l,2,3- 
tnazole
M.p. 230-232°C (lit 231-232°C)51
I.R. (KBr) (cm'1): 1498, 1471 (aromatic C-C stretch), 704, 749 (monosubstituted Ph)
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► 'H  (DMSO-d6) (ppm)- 3 74 (3H, s) (OCH3), 6 82 (2H, d, J=8Hz), 6 98-7 03 (6H, m),
7 12-7 14 (2H, m), 7 20 (3H, t, J=8Hz), 7 30 (2H, t, J=8Hz), 7 50 (2H, d, J=8Hz), 7 63- 
7 73 (5H, m), 8 51 (2H, d, J=8Hz) (all phenyl H)
,3C (DMSO-d6) (ppm): 55 49 (OCH3), 100 64, 100 70 (C3a, C6a), 113 83, 123 12,
127 59, 128 09, 128 14, 128 60, 128 79, 128 86, 129 27, 130 32, 130 84, 131 16, 
133 57,133 99, 134 07,138 73, 139 70,158 52, (all phenyl C and CH) 184 57 (C=S)
1 63  3 Synthesis o f  2,6-bisphenyl-4(4-bromophenyl)-3a,6a-bis(4-chlorophenyl)-5-thio- 
3,3a,4,5,6,6a-hexahydroimidazo[4,5-d]-l,2,3-triazole (124c)
ci l,2-Bis(phenylazo)-4,4'-dichlorostilbene (0 5g, 0 001 lmol) and
4-bromophenyhsothiocyanate (0 29g, 0 0013mol) were stirred 
under reflux in acetone for 1 hour The acetone was removed 
under vacuum and the residue recrystallised from ethanol, 
yielding 0 20g (0 0003mol, 27%) of 2,6-bisphenyl-4-(4- 
bromophenyl)-3a,6a-bis-(4-chlorophenyl)-5-thio-3,3a,4,5,6,6a- 
hexahydroimidazo-[4,5-d] -1,2,3-tnazole
M p 260°C
I R  (KBr) (cm'1)- 1560, 1472 (aromatic C-C stretch), 1092 (C=S), 755, 706 
(monosubstituted Ph)
'H (DMSO-dfi) (ppm). 7 15 (4H, d, J=8Hz), 7 23-7 30 (5H, m), 7 35 (2H, t, J=8Hz), 
7 47 (1H, t, J=8Hz), 7 54-7 65 (4H, m), 7 78 (2H, t, J=8Hz), 7 86 (1H, t, J=8Hz), 8 11 
(1H, d, J=8Hz), 8 52 (2H, d, J=8Hz) (all phenyl CH)
13C (DMSO-dfi) (ppm) 100 01, 100 23 (C-3a, C-6a), 118 86, 120 91, 123 27, 128 36,
128 46, 128 82, 128 99, 129 38, 130 17, 130 30, 131 33, 131 76, 132 83, 132 92, 
133 83, 134 23, 137 69, 138 14, 139 15, 139 52 144 99 (all phenyl C and CH), 183 91
(C=S)
M W 671 45gmol ', C33H22BrCl2N5S
Microanalysis Theory C 59 03%, H 3 30%, N 10 43%
Found C 59 54%, H 3 76%, N 10 04%
65
1 6 3 4  Synthesis o f 2,6-bisphenyl~4(4-methoxyphenyl)-3a,6a-bis(4-chlorophenyl)-5- 
thio-3t3a,4,5,6,6a-hexahydroimidazo[4,5-d]-1,2,3-tnazole (124d)
l,2-Bis(phenylazo)-4,4'-dichlorostilbene (0 5g, 0 001 lmol) 
and 4-methoxyphenyhsothiocyanate (0 2cm3, 0 00 Mmol) 
were stirred under reflux in acetone for 1 5 hours The acetone 
was removed under vacuum The residue was not very soluble 
in hot ethanol, but when cooled and collected by filtration the 
white solid was found to be 2,6-bisphenyl-4(4- 
methoxyphenyl)-3a,6a-bis(4-chlorophenyl)-5-thio- 
3,3a,4,5,6,6a-hexahydroimidazo[4,5-d]-l,2,3-tnazole The yield was 0 26g (0 0004mol, 
38%)
M.p. 260°C
IR  (KBr) (cm’1)* 1617, 1568, 1534,1472 (aromatic C-C stretch), 1249 (C-0 stretch in 
Ar-0-CH3), 1091 (C=S)
!H (DMSO-d6) (ppm). 3 70 (3H, s) (OCH3), 6 88 (2H, d, J=12Hz), 7 11-7 16 (4H, t, 
J=8Hz, J=12Hz), 7 20-7 23(3H, m), 7 25 (2H, d, J=8Hz), 7 33 (2H, t, J=8Hz), 7 45 (2H, 
d, J=8Hz), 7 62 (2H, d, J=8Hz), 7 77 (2H, d, J=8Hz), 7 84 (1H, d, J=8Hz), 8 50 (2H, d, 
J=8Hz) (all phenyl H)
,3C (DMSO-dfi) (ppm) 55 33 (OCH3), 100 36, 100 43 (C-3a, C-6a), 113 98, 122 94, 
127 79, 128 34, 128 63, 128 97, 129 23, 129 61, 130 48, 132 76, 133 08, 135 00, 
138 35, 139 81, 158 89 (all phenyl CH and C), 185 68 (C=S)
M W 623 59gmol \  C34H26Cl2N5OS
i
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1 6  4 Reactions o f Cycloadducts:
1 6 4 1  Synthesis o f  2,3a,6,6a-tetraphenyl-5-oxo-3,3a,4,5,6,6a-hexahydro-imidazo- 
[4,5-dJ-1,2,3-triazole (122k)
2,3a,6,6a-Tetraphenyl-4-sulfonyl-5-oxo-3,3a,4,5,6,6a- 
hexahydro imidazo-[4,5-d]-l,2,3-tnazole (lg, 0 002moles) was 
dissolved m 80cm3 of acetone and thiophenol (0 41cm3, 
0 004moles) added A mixture of pyridine (0 2cm3,
0 0024moles) in 20cm3 acetone was added to the reaction at -
30°C over 20 minutes 1 The reaction mixture was stirred at -  
30°C for a further 30 minutes after which TLC analysis showed that all of the starting 
material had disappeared 100cm3 of cold water was added with constant stimng and a 
precipitate formed This was removed by filtration and NMR analysis showed it to be 
the required product (0 5g, 0 0012moles, 60%)
M p  263°C
I R. (KBr) (cm“1) 1709 (C=0 stretch), 1598, 1500, 1450 (aromatic C-C stretch), 751, 
688 (monosubstituted Ph)
!H (DMSO-d6) (ppm)- 6 94-7 11 (11H, m), 7 21 (2H, t, J=8 0Hz, J=7 6Hz), 7 62 (2H,
d, J=8 0Hz), 7 73 (2H, t, J=7 2Hz, J=8Hz), 7 78 (1H, d, J=7 2Hz), 8 38 (2H, d,
J=7 6Hz), (all phenyl C and CH), 9 06 (1H, s) (N-H)
13C (DMSO-dfi) (ppm). 92 73, 97 67 (C3a, C6a), 122 90, 123 59, 124 41, 127 18, 
127 45, 128 04, 128 27, 128 54, 130 06, 133 06, 135 69, 137 86 (all phenyl C and CH), 
158 40 (C=0)
M.W. 431 50gmol‘1, C27H21N 5O
Microanalysis Theory C 75 16%, H 4 91%, N 16 23%
Found C 75 44%, H 5 03%, N 15 99%
1 Procedure taken from Monconi & Kelly, J  Org Chem 1968, 33, 8, 3036
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I 1 6 4  2 Thermolysis o f  2,3 a,6,6a-tetraphenyl-4-tosyl-5-oxo-3,3 a,4,5,6,6a-hexahydro
imidazo-[4,5-d]-1,2,3-triazole (122i)
2,3a,6,6a-Tetraphenyl-4-tosyl-5-oxo-3,3a,4,5,6,6a-hexahydro-imidazo-[4,5-d]-l,2,3- 
tnazole (300mg, 0 512mmol) was dissolved in 30cm3 of toluene and stirred under reflux 
for 5 days TLC analysis indicated that no reaction had taken place The solvent was 
removed and the residue was analysed by NMR The spectra were identical to those of 
the starting material
1 6 4  3 Treatment o f  2,3a,6,6a-tetraphenyU4-tosyl-5-oxo-3,3a,4,5,6,6a-hexahydro 
imidazo-[4,5-d]-l,2,3-triazole (122i) with base
2,3a,6,6a-Tetraphenyl-4-tosyl-5-oxo-3,3a,4,5,6,6a-hexahydro-imidazo-[4,5-d]-l,2,3- 
tnazole (250mg, 0 427mmol) was dissolved in 100cm3 of anhydrous methanol Sodium 
methoxide (250mg, 4 6mmol) in 30cm3 of methanol was added and the mixture was 
stirred under reflux for 4 days TLC analysis indicated that no reaction had occurred 
The solvent was removed, the residue dissolved in 20cm3 of dichloromethane and 
washed with 3 20cm3 aliquots of water It was then dned over MgS0 4 , the solvent 
removed and the residue analysed by NMR The spectra were identical to those of the 
starting material
1 6 4  4 Thermolysis o f  2,3a,6,6a-tetraphenyl-5-oxo-3,3a,4,5,6,6a-hexahydro-imidazo- 
[4,5-d]-l ,2,3-triazole (122k)
2,3a,6,6a-Tetraphenyl-5-oxo-3,3a,4,5,6,6a-hexahydro-imidazo-[4,5-d]-l,2,3-tnazole 
(200mg, 0 463mmol) was dissolved m 25cm3 of toluene and heated under reflux for 3 
days TLC analysis indicated that no reaction had taken place The solvent was removed 
and the residue analysed by NMR The spectra were identical to those of the starting 
matenal
1 6 4  5 Treatment o f  2,3a,6,6a-tetraphenyl-5-oxo-3,3a,4,5,6,6a-hexahydro-imidazo- 
[4,5-d]-1,2,3-triazole (122k) with base
2,3a,6,6a-Tetraphenyl-5-oxo-3,3a,4,5,6,6a-hexahydro-imidazo-[4,5-d]-l,2,3-tnazole 
(300mg, 0 695mmol) was dissolved in 100cm3 of anhydrous methanol Sodium 
methoxide (0 4g, 7 4mmol) m 50cm3 was added dropwise and the mixture was stirred 
under reflux for 7 days TLC analysis indicated that no reaction had occurred The 
solvent was removed and the residue was dissolved in 20cm3 of dichloromethane This
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9 was washed with 3 x 20cm3 aliquots of water, dried over MgS0 4  and the solvent was
removed NMR spectra of the residue were identical to those of the starting material
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>CHAPTER TWO 
N-SULFONYL IMINES AS DIPOLAROPHILES
73
► Chapter 2 N-Sulfonyl Imines*
2.1 Introduction*
For several years, the Diels-Alder reaction was the only widely used example of 
cycloaddition reactions The extensive work by Huisgen and co-workers1 on the concept 
of 1,3-dipolar cycloadditions opened new avenues for these reactions In contrast with 
the tremendous number of studies which characterised cycloadditions to olefins in the 
earlier literature, cycloadditions to immes seemed almost insignificant This can be 
traced to several factors
The greatly reduced stability of immes made their use as synthetic reagents less 
practical, since upon standing, many of them detenorated Thus, the more stable 
partners of cycloadditions such as alkenes, alkynes and mtnles were chosen in 
preference to immes Furthermore, the possibility of tautomensm in immes created 
additional difficulties However m more recent years, the study of the synthesis and use 
of immes in cycloadditions other than the Diels-Alder reaction has developed
Alder briefly mentioned the initial example of an imino compound acting as a 
dienophile in 1943 2 Reaction of ammo diester 125 with various aliphatic dienes did not 
give the carbocychc adducts which were presumably expected (Scheme 2.1), but 
instead gave the tetrahydropyndines 127 via imino tautomer 126 This initial 
observation stimulated very little research until nearly 40 years later
C 0 2CH3
H3C 02C NHPh
125
c o 2c h 3 c o 2c h 3
H 3C 0 2C ^ ^ N P h  H 3C 0 2( i
126 127
Scheme 2.1 First example o f an imino-type dienophile in the Diels-Alder reaction
Not all imino compounds are effective dienophiles Simple Schiff bases have proven to 
be unreactive in [4+2]-cycloadditions unless exceptionally reactive dienes such as 
quinone methides are used In general, electron-deficient immes are the most reactive 
dienophiles, particularly those of the N-sulfonyl, iV-acyl and immiurn salt types Other 
imino-type compounds have been used as dienophiles but are not as generally reliable
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► as the aforementioned types It should also be noted that some immo Diels-Alder
reactions are catalysed by Lewis acids 3
N-Sulfonyl immes have been increasing in importance because they are one of the few 
types of electron-deficient immes that are stable enough to be isolated but reactive 
enough to undergo addition reactions They have been used as electron-deficient 1,3- 
azabutadiene equivalents in inverse electron demand Diels-Alder chemistry4, as 
electrophihc aza-aldehyde equivalents in addition reactions5, as reactive olefin 
equivalents in ene reactions,6,7 or as precursors to N-sulfonyloxazindines which have 
utility as chiral oxidants 8
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I* 2 2 Synthesis of N-Sulfonyl Imines:
The synthesis of imines can be achieved by a wide variety of methods, some of those 
being addition of ammonia or amines to aldehydes and ketones, reduction of oximes, 
treatment of mtnles with enamine salts, and addition of Gngnard reagents to m tnles9 
However the methods used for generating N-sulfonyl imines were very limited until the 
last 15 years when a lot of interest in this area developed A number of procedures now 
exist for direct synthesis of N-sulfonyl imines, in particular those derived from non* 
enohsable aldehydes There is still a lack of good procedures for producing N-sulfonyl 
imines from enohsable aldehydes and ketones
2.2.7. From Sulfonamides and Aldehydes/Ketones/Acetals
Lichtenburger et al first reported the synthesis of N-sulfonyl imines by the Lewis acid 
(ZnCh) catalysed condensation of aromatic aldehydes and /^-toluene sulfonamide 10 
(Scheme 2.2) Yields of 20-70% of crystalline products were improved by the use of 
AlCb as the catalyst11
_ SO.Ar
ZnCL /
A rS02NH2 +  Ar’CHO -------^  / = N
z £ or /
128 129 AlClj M ' 130
Ar = Ph,/>ClPh
Ar' = Ph, wiNOjPh, pMe2NPh
Scheme 2.2 Lewis acid catalysed condensation o f  aromatic aldehydes and 
sulfonamides
Jennings and Lovely12 have developed a milder version of this reaction by using 
titanium tetrachloride and tnethylamine at 0°C Yields of crude nnine were generally 
50- 90%, recrystalhsation lowered these by 10-20% The extension of this reaction to 
readily enohsable ketones failed to give the desired imines, the aldol condensation 
products were obtained instead In the case of ketones which are not readily enohsable, 
(eg  camphor 131), the reaction proceeds at higher temperatures, giving moderate 
yields of the nnine 132 (Scheme 2.3) This imme is unusual in that it can be purified by 
column chromatography, those derived from aldehydes and ketones decompose on 
silica gel to the parent carbonyl compound and sulfonamide
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T s m
TiCl4/NEt3
PhMe/reflux
Scheme 2.3 Condensation o f (+)-camphor with p-toluene sulfonamide yielding (-)- 
camphor sulfonyl imine
This method was also developed by Davis et a P  and was used to prepare the closely 
related camphor sulfonamides (Scheme 2 3 X=S0 2 CH2R, R=Me/Ph) in good yields 
This group also condenses aromatic aldehydes and /?-toluenesulfonamide in the 
presence of an acid ion exchange resin and molecular sieves with the azeotropic 
distillation of water 14 Yields are high, but the reaction times are longer than those for 
the titanium tetrachlonde procedure
The synthesis of a number of aryl N-sulfonyl immes under neutral conditions can be 
achieved by heating the aldehyde 129 and /?-toluenesulfonamide 128 in the presence of 
tetraethyl orthosihcate 15 The reaction times are short (N-sulfonyl immes form within 
lhour) and the yields are high (70-90%)
si(OEt)4  r ~ vSO.R
RS0 2NH2 +  ArCHO ^ = N
128 129 M  130
R = /?MePh
Ar = Ph, /?MeOPh, /?N02Ph, 
oClPh, oHOPh
Scheme 2 4 Condensation o f aromatic aldehydes and p-toluenesulfonamide in the 
presence o f tetraethyl orthosihcate
This method shares the common limitation of not being applicable to the synthesis of N- 
sulfonyl immes from enolisable aldehydes and ketones, products derived from aldol 
condensations being obtained instead
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Ì It has been reported that heating a neat mixture of an aryl sulfonamide and an ethyl or
methyl acetal from an aromatic aldehyde gives the N-sulfonyl imme m good yields16 No 
indication was given if this procedure was earned out with acetals of aliphatic 
aldehydes
S 02Ar
ArS02NH2 +  Ar'CH(OEt) 2 l5Q°C>- ^ = N
128 133 Ar' 130
Ar = pMePh, Ph, pN 0 2Ph, pCÌPh 
Ar' = Ph, 7wN0 2Ph, pMeOPh, /?N02Ph
Scheme 2 5 Condensation o f aryl sulfonamides and acetals o f aromatic aldehydes
2.2.2 From iActivated ’ Sulfonamides and Aldehydes/Ketones
In 1964 Kresze and co-workers showed that non-enolisable aldehydes could be
converted to the corresponding N-sulfonyl immes using N-sulfinyl-/?-toluene
sulfonamide 134 m the presence of a Lewis acid 16 1 7 (Scheme 2 6 )
ArS02NH2
128
SOCI-
ArS02N = S = 0
134
A1C13
c 6h 6
heat
RCHO
R
/
=N
130
SO.Ar
-SO.
O
R
o -s
■N 
135
S 02Ar
Ar = Ph, pCIPh, pMePh
R = Ph,/?N02Ph, CCI3, C 0 2Bu, 2-furyl, 2-pyndyl 
Scheme 2 6  The use o f N-sulfinyl-sulfonamides in the synthesis o f  N-sulfonyl imines
The N-sulfmyl-/)-toluene sulfonamides 134 are generated from the parent sulfonamide
18and thionyl chlonde and are usually used in situ They can be isolated but punfication
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► is difficult and time-consuming Heating the aldehydes and sulfonamide m benzene
with a catalytic amount of aluminium chloride produces the N-sulfonyl immes
The reaction is likely to involve an initial [2+2]-cycloaddition of the aldehyde and N- 
sulfinyl sulfonamide to produce the adduct 135 which loses sulfur dioxide to yield the 
N-sulfonyl imme In the case of the enohsable aldehyde dichloroacetaldehyde, only a 
low yield of N-sulfonyl imme was produced However the method was later extended to 
generate N-sulfonyl immes from several enohsable aliphatic aldehydes5 , 7 1 9 Boron 
trifluonde etherate is used as a catalyst and the reaction proceeds in dichloromethane at 
low temperatures (-30°C) In the absence of the Lewis acid catalyst, the reaction can 
take place at room temperature, but with slower reaction times The in situ produced N- 
sulfonyl immes are efficiently trapped by 1,3-dienes m [4+2]-cycloadditions
In a related method, a wide vanety of aryl and aliphatic N-tosyl immes have been 
synthesised m high yields by the reaction of N,N’-ditosyl telluordnmide 138 and the 
corresponding aldehyde20 (Scheme2  7) The reaction, involving the in situ formation of 
the lmido tellurium reagent from tellurium metal and chloramine T, proceeds in a 
vanety of refluxing solvents, toluene being the most effective The order of reactivity is 
aliphatic (30mm) > electron nch aromatic (l-2hr) > electron poor aromatic (~ 5hr)
Te +  2TsNClNa 
136 137
toluene
R
T s ^
N
130
TsN =T e=N T s
138
RCHO
NTs
0 ~ T e
■A
R \ Ts
+
0 = Te—NTs
140 139
R = Ph, /?OMePh, oClPh, mN02Ph, /-butyl
Scheme 2 7 Synthesis o f N-tosyl imines using the bis-imido tellurium reagent 
generated from tellurium metal and chloramine T
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As with other methods of forming N-sulfonyl immes, some enohsable aldehydes 
undergo the transformation, but enolisation is generally a problem
2 2 3 From Oximes
Hudson et al2] have reported that aldoximes and ketoximes 141 react rapidly with 
sulfinyl chlorides 142 to give denvatives which rearrange at low temperatures via 
radical pathways to the corresponding sulfonyl immes 144, and in the case of 
aldoximes, to immes, aldehydes and sulfonyl immes
R'
R
R"
OH
/
N
141
+
II
o
142
NEt
35°C
R"
R' 0 “ S
R
/
N
143
\\
O
A
O
R’
\\
S - R n
R
= N  0
144
R,R' = Ph, Me, /?MePh, CHPh2 
R" = Me, pMoPh
Scheme 2.8 Rearrangement o f O-sulfinyl oxime to give N-sulfonyl imine
The O-sulfinyl ketoximes are prepared by the treatment of the ketoxime with a sulfinyl 
chloride in the presence of tnethylamine in ether at -20°C The sulfonyl imine may also 
be obtained by carrying out the reaction at room temperature Heating the N-sulfinyl 
imine, either neat or m a solution of carbon tetrachloride results m the quantitative 
formation of the N-sulfonyl imine
This method has proven general and applicable to the preparation of a wide range of N- 
sulfonyl immes including enohsable a,/3-unsaturated N-sulfonyl immes However the 
use of the unstable and reactive sulfinyl chloride reagents detracts from the technical 
convenience of this procedure A convenient modification of the onginal Hudson
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procedure is based on the preparation and in situ rearrangement of oxime O-sulfinates 
employing the commercially available and stable sulfonyl cyanides as reagents 22
Ts— CN
0°C MePh— S - O - C N
145
NEt3 O
146
/
OH
T s
R
MePh
N
/
/
R
R
144 R = Ph, Me, H
R' = Ph, Me, C 0 2Et
147
Scheme 2 9 Synthesis o f N-sulfonyl imines by the homolytic rearrangement of oxime
A range of reaction conditions was examined for the isomensation of /?-toluenesulfonyl 
cyanide to /7-toluenesufinyl cyanate and its subsequent reaction with the oxime of 
benzophenone The reaction requires the use of a tertiary amine, tnethylamine the best 
of those examined Carbon tetrachloride was found to be the best solvent
2 2 4 From Imines and N-Silyl Imines•
The direct N-sulfonylation of simple NH imines has not been studied to any significant 
degree despite the availability of these precursors However Hudson and co-workers 
have reported two examples of N-sulfonylation of ditolyl imme 148 to give N-sulfonyl 
imines (Scheme 2 10)
O-sulfinates
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148 144
Ar = /?MePh 
R = Me, Ph
Scheme 2 10 Sulfonylation of simple mines to give N-sulfonyl imines
More recently, a conversion of N-tnmethylsilyl imines 150 to N-sulfonyl imines, using 
the appropriate sulfonyl chloride, has been reported24 The aldehydes and ketones are 
initially converted to their N-tnmethylsilyl imines by the Hart procedure using lithium 
hexamethyldisilazide25 (Scheme 2 11)
R R SiMe, R SO?R'
0  LiMDS RSO P ^ N/
Ar Ar Ar
149 150 144
Ar = Ph, CHCHPh 
R = H, Ph 
R* = Me, pMePh
Scheme 2 11 Conversion of N-trimethylsilyl imines to N-sulfonyl imines
The N-tnmethylsilyl imines are easily punfied by vacuum distillation and then reacted 
stoichiometncally with the sulfonyl chloride to give the N-sulfonyl imines and the 
volatile by-product, tnmethylsilyl chlonde Removal of the solvent and TMSC1 gives 
the pure N-sulfonyl imines in quantitative yields This method cannot be applied to 
forming N-sulfonyl imines from enohsable aldehydes and ketones
9 2 2 5 From p-Toluenesulfonyl Isocyanate and Aldehydes/Glyoxyhc Esters
The use of the commercially available p-toluenesulfonyl isocyanate 151 in the synthesis 
o f N-sulfonyl immes derived from aromatic aldehydes was first reported m 1966 26 The 
method was later developed to synthesise N-sulfonyl immes from gloxylic esters27 28 
and is now one of the simplest and most widely used methods of preparing these 
compounds The reaction proceeds through the cyclic intermediate 153 which then loses 
carbon dioxide to give the N-sulfonyl immes m good yields (Scheme 2 12)
H OR
152a R=Me, Ar=pMePh 153 154a R=Me, Ar=/?MePh
152b R=Et, Ar=pMePh 154b R=Et, Ar=/?MePh
152c R=Bu, Ar=/?MePh 154c R=Bu, Ar=/?MePh
Scheme 2 12 Synthesis o f N-sulfonyl mines derived from glyoxyhc esters using p- 
toluenesulfonyl isocyanate
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2.3 Reactions of N-Sulfonyl I mm es 
2 31  Diels-Alder Reactions.
2 3 11 N-Sulfonyl Imines of Chloral and Fluoral
Albrecht and Kresze reported the first examples of N-sulfonyl imines acting as 
dienophiles in [4+2]-cycloadditions4 The N-sulfonyl imines denved from chloral and 
fluoral reacted with a number of 1,3-dienes to give cycloadducts in high yields29 The 
regioselectivity of these reactions is excellent, with tnchloromethyl-N-sulfonyl îmine 
155 giving only adduct 159 when reacted with £-piperylene and adduct 157 with 2- 
methoxybutadiene 156 (Scheme 2 13) This selectivity has been explained by assuming 
that these imines are highly polarised which is reflected in the transition state of the 
cycloaddition
M e O . ^H CCL
+
NTs
155 156
HY
NTs
CCL
+
Me
158155  159
Scheme 2 13 Regioselectivity of the Diels-Alder cycloaddition of trichloromethyl-N- 
sulfonyl imine to 1,3-dienes
A later investigation of the addition of these N-sulfonyl imines to cyclopentadiene and
1.3-cyclohexadiene established the stereochemistry of the cycloadducts 30 Addition of 
tnchloromethyl-N-sulfonyl imine to cyclopentadiene yields a 78 22 ratio of endo adduct 
160 to exo 161 but with tnfluoromethyl-N-sulfonyl imine 162 the exo isomer 164 is 
favoured over the endo 163 adduct by 57 43 However with the fluoral denvative and
1.3-cyclohexadiene, a 56 44 ratio of endo 165 to exo 166 was produced
These were results were rationalised by the assumption that the £-imine is the reactive 
species and that stenc interactions between the tnhalomethyl and/or tosyl groups with
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the 1,4-substituents on the diene are important in determining the stereochemistry of the 
products
CCL
NTs
155
r CFi
NTs
162
/ C R
r  ■
NTs
162
w //
\ //
£  
160
NTs
H
CCL
Scheme 2.14 Stereoselectivity of the Diels-Alder reaction of trihalomethyl-N-sulfonyl 
mines and cyclic dienes
2 3 1 2  N-Sulfonyl Imines of Glyoxyhc Esters
The vast majonty of examples of Diels-Alder reactions of N-sulfonyl imines involve
those compounds denved from glyoxyhc esters The first o f these was again reported by
Albrecht and Kresze17 and involved the addition of the lmine of glyoxyhc butyl ester
154c to butadienes
+
C 0 2tBu c 6h 6
NTs
167
R = H, Me
154c
Scheme 2.15 Diels-Alder addition of N-sulfonyl imine derived from butyl glyoxylate to 
butadienes
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The butyl glyoxylate lmine has been used in other cycloadditions,31 but it was after the 
discovery of the synthesis of these lmines using /7-toluenesulfonyl isocyanate27 that the
29 32 33use of these compounds in Diels-Alder reactions increased remarkably ’ *
The Holmes group in particular, have used the N-sulfonyl imme 154a denved from 
methyl glyoxylate in a wide range of reactions 34 37 The major exo product 171 from 
siloxydiene was used in the total synthesis of the piperidine alkaloids lsoprosopinmes A 
and B 35 and deoxyprosopimne36
C 0 2Me
NTs
154a
9 steps
OSiMe,
endo
18%
C 0 2Me
171
exo
47%
N ^(C H 2)7COBu 
OH H 
172
isoprosopinine B
Scheme 2 16 The cycloaddition of methyl glyoxylate N-sulfonyl mine to siloxydiene, 
used in the total synthesis o f Isoprosopinine B
During the course of their work they also found that the reaction of the imme 154a with 
2-tnmethylsilyloxycyclohexadiene followed by acidic work-up shows a divergence in 
pathways at low temperatures m polar solvents the cyclohexanones 173 and 174 are 
favoured, while at higher temperatures the bicyclic ketones are the predominant 
products 37
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Figure 2 1 Cyclohexanones produced when the reaction between methyl glyoxylate 
N-sulfonyl imine and 2-trimelhylsilyloxycyclohexadiene is carried out at 
low temperatures in polar solvents
The addition of the methyl glyoxylate imine 154a to cyclohexa-l,3-diene has been used 
in the first step of the stereoselective synthesis of (±)-actmobolamine, the mam
TO
degradation product of the antitumour compound actinobolin
C 0 2Me
+
NTs
154a 175
HO
TsN
C 0 2Me
176
Actinobolamine
Scheme 217 Addition of methyl glyoxylate N-sulfonyl imine to cyclohexa-1,3-diene in 
the first step of the total synthesis o f Actinobolamine
More recently, this group has studied the stereoselectivity of the Diels-Alder reaction of 
N-sulfonyl immes denved from glyoxylate carrying an ester chiral auxiliary39 Thermal 
reactions of the (S)-lactate 178 and (R)-pantothenate 179 denved immes with 
cyclopentadiene showed relatively low facial diastereoselectivity, but the introduction 
of a Lewis acid catalyst improved the selectivity significantly
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H O 0 leq 
Et2AlCl
0 3eq 
Et2AlCl R = (S)-lactate 12 88
R = (R)-pantothenate 85 15
Scheme 2 18 Stereoselectivity in the Diels-Alder reaction, induced by N-sulfonyl 
mines of chiral glyoxyhc esters
Diethylaluminium chlonde proved to be the best catalyst, whereas other strong Lewis 
acids, such as T1CI4, SnCU and BF3 OEt2 caused decomposition The weaker Lewis 
acids, Al(OEt)3, MgBr2, ZnCl2 and Me2AlCl gave lower selectivities
Weinreb et al have used the N-sulfonyl imine derived from ethyl glyoxylate 154b in a 
Diels-Alder reaction with oxygenated diene 182 40 The resulting trans enone was then 
used to construct a piperidine nng unit with the view to using it in the total synthesis of 
the manne hepatotoxin Cyhndrospermopsin
p-TsOH^A, C6H6
™ S 0 \ v/ ^ / 0M e ,C 0 2Et
+ i f 1) PhMe
Me
182
NTs ^  H30 + Me 
154b
C 0 2Et
NTs
C 0 2Et
183
C IS
184
trans
Scheme 2 19 Diels Alder reaction of ethyl glyoxylate N-sulfonyl imine with oxygenated 
diene The trans isomer has potential for the synthesis o f 
Cyhndrospermopsin
Hamada and co-workers have studied the face selectivity of the glyoxylate N-sulfonyl 
imine cycloadditions with acyclic dienes bearing a stereogemc centre41 They 
subsequently used the hetero Diels-Alder reaction of the chiral diene 185 and butyl
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glyoxylate N-sulfonyl lmine 154c m the synthesis o f (-)-cannabisativine 187 42 In this 
key step, regio- and diastereo-face selectivities were completely controlled and only one 
diastereomer was isolated in high yield
H
H
BnO
c5h „
OBn +  ( f  
H NTS
C02Bu
XX)2Bu
40°C^
6 days BnO
H
154c Hc 5h u
-NTs
OBn
185
16 steps
187
(-)-cannabisativine
Scheme 2 20 Diels-Alder addition of butyl glyoxyhc N-sulfonyl imine to chiral diene, a 
key step in the total synthesis o f (-)-cannabisativine
Good diastereoisomenc excess is also obtained in the Diels Alder reaction of the N- 
sulfonyl îmme of N-glyoxyloyl-(2R)-bomane-10,2-sultam 188 with cyclopentadiene 43 
Under ambient conditions without any catalyst the two exo diastereomers are obtained 
in a ratio of 36 64 Application of high pressure techniques and the introduction of 
Lewis acid catalysts resulted in a change of the direction of asymmetric induction, 
namely the major diastereomer 190 possessed the (R) absolute configuration on the new 
stereogemc centre In all cases studied the yield was low and the diastereoisomenc 
excess of the major cycloadduct was in the region of 80 20
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IScheme 2 21 The asymmetric [4+2] cycloaddition of cyclopentadiene to chiral 
glyoxylate N-sulfonyl mine, resulting in good diastereoisomeric excess 
of the (R)-diastereoisomer
Recently, N-sulfonyl lmines derived from chloral and ethyl glyoxylate have been used 
in a combination of enyne cross methathesis and Diels-Alder reaction under high 
pressure to synthesise substituted tetrahydropyridmes44 The ethyl glyoxylate imme was 
reacted with diene 192 to give a pipecohc derivative, which was then equilibrated using 
sodium methoxide in methanol to give 193 as a single diastereomer in high yield
90% yield
Scheme 2 22 Stereoselective synthesis o f a pipecohc acid derivative
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2 3 13  Other N-Sulfonyl Imines
Weinreb and Sisko have reported the first examples of Diels-Alder reaction of N- 
sulfonyl imines denved from enohsable aldehydes 19a Treatment of the aldehyde with 
N-sulfinyl-p-toluenesulfonamide and boron tnfluonde etherate followed by the diene 
gives the cycloadduct 195 in good yield Intramolecular additions were also achieved by 
this procedure Yields and reproducibility are greatly improved by the suspension of 
anhydrous magnesium sulfate in the reaction mixture Molecular sieves are also 
effective, but less so than magnesium sulfate
194
k -
196
EtCHO / TsNSO
BF3-Et20  / M gS04 <  NTs
PhMe / CH,C1, / F
-30°C 195
TsNSO H<
3 BF3-Et20
i^ h
C6H6 / 5°C \ / n t s
197
Scheme 2 23 Diels-Alder reactions of N-sulfonyl mines derived from enohsable 
aldehydes
Recently, the hetero Diels-Alder reaction of N-sulfonyl immes with oquinodimethane 
has been earned out on solid-support benzocyclobutene ether resin 45 The heterocyclic 
polymer supported products 199 were then subjected to reaction with Bronsted or Lewis 
acid-nucleophile combinations providing substituted tetrahydroisoquinolmes 200, whilst 
leaving no trace of attachment to the polymer support
R = H, Me, -CH2CH=CH2 
M = Sn, A1
Scheme 2 24 Diels-Alder reaction of N-sulfonyl mines and o-quinodimethane on a 
polymer support
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9 2 3.2. Synthesis o f Five-Membered Rings,
As shown, the early cycloadditions of N-sulfonyl îmines were very much based on the 
Diels-Alder reaction and the synthesis of 6-membered heterocycles It has only been in 
the past decade that these compounds have been found useful in the synthesis of 5- 
membered heterocycles
2 3 21 Five-Membered Rings Containing One Heteroatom
A highly stereoselective reaction of ethyl 2,2-dialkoxycyclopropane carboxylates 201 
with some aromatic N-sulfonyl îmines46 was one of the first examples of the use of N- 
sulfonyl îmines in the synthesis of 5-membered heterocycles In the presence of T 1CI4, 
the cyclopropane derivative condenses with the îmines to stereoselectively produce 7- 
lactams in good yields (70-90%), with the cis isomer 204 being the major product It is 
likely that the mechanism involves addition of the imme to the intermediate zwittenomc 
ester enolate 202 (Scheme 2.25)
Scheme 2.25 Condensation of aromatic N-sulfonyl mines with cyclopropane 
derivative, producing 3 4-disubstituted lactams with high 
stereoselectivity
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|  Trost et al have reported that aromatic and aliphatic N-sulfonyl mines undergo
palladium catalysed cycloadditions to tnmethylenemethane (TMM) precursors, giving 
substituted pyrrolidines 207 in high yields 47 48 Simple immes fail to react, but immes 
possessing an electron withdrawing group at either the carbon or nitrogen enhance the 
electrophilicity of the imme sufficiently to make it an excellent acceptor Aliphatic N- 
sulfonyl immes, derived from both enolisable and non-enohsable aldehydes require 
higher temperatures to react and yields are not as high as those of the aromatic N- 
sulfonyl immes This was because the aliphatic immes were not purified but used 
directly in the cycloaddition
T s ^
Pd catalyst ^  /
 ^  \  /
Ar
130 206 207
Ar = Ph, oClPh, /MN02Ph,/>0MePh 
X = OAc, 0 C 0 2CH3
Scheme 2.26 Palladium catalysed cycloaddition of N-sulfonyl immes with 
((trimethylsilyl)methyl)allyl acetates
Ar
+
NTs
X ^ ^ T M S
Substituted pyrrolidines 209 can also be produced by the reaction of aromatic N- 
sulfonyl immes with allyl(cyclopentadienyl)iron dicarbonyl complexes49 The reaction 
is earned out at room temperature in dichloromethane with ZnCl2 as the Lewis acid 
catalyst However if T1CI4 or BF3-Et20 is used as the catalyst, none of the expected 
[3+2]-adduct is obtained The reaction is worked up with a methanohc solution of cenc 
ammonium nitrate under a carbon monoxide atmosphere, and yields are moderate (30- 
55%)
1) ZnCl2 
M  CH,CI„ rt M e02C
NTs 2) Ce(NH4)2(N 03)6 
H 130 MeOH, CO
R = H, Me 
Ar = Ph, j?N02Ph
Scheme 2.27 Synthesis of substituted pyrrolidines using N-sulfonyl imines derived 
from aromatic aldehydes
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9 Lu and Xu have earned out extensive work on the cycloaddition of aromatic N-sulfonyl
immes to 2,3-butadienoates 210 and 2-alkynoates 212 50,5152 This is an efficient route to 
the pyrrolidine rings 211 and 213, which are examples of the important structural unit 
existing in a large number of natural products and pharmaceutical molecules The 
reactions are catalysed by tnphenylphosphme or tnbutylphosphme and work well with 
both electron withdrawing and electron releasing substituents on the phenyl ring The 
addition of N-sulfonyl immes derived from aliphatic aldehydes (trace amounts of 
products) does not give as good results as those from aromatic aldehydes (90-98%)
Ts
R Ph3P / N\ ^ R
27 o ~ XC°2Me +  C6H6 rt \ =
130 211 C 0 2Me
R = Ph, wiMeOPh, pMeOPh, pMePh, pCIPh, 
/?N02Ph, 1-napthyl, 2-furyl,'-Bu
?
212 NTs C6H6>rt
130 213 C 0 2Et
R' = H, R = Ph, /?MeOPh, pMePh, pClPh, p N 02Ph etc 
R' = n-Pr, Et, R = Ph, 2-furyl, piperonyl, 1-naphthyl,
Scheme 2 28 1,3-Dipolar Cycloaddition of N-sulfonyl immes to 2,3-butadienoates and 
2-alkynoatest yielding substituted pyrrolidines
The mechanism is thought to involve the nucleophilic attack of the phosphme catalyst 
on the allenoates or alkynoates to generate a reactive dipolar intermediate, which is then 
trapped by the dipolarophilic imme, forming an open chain intermediate 215 
Subsequent intramolecular nucleophilic addition gives a cyclic intermediate 216, 
hydrogen transfer forms the intermediate 217 which then produces the pyrrolidine
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?
N' R -PPh3 / N\ ^ R  / N X ^ R
COzMe Ph3P C 0 2Me Ph3P C 0 2Me
+ /  \  + 
i l
211 217 216
Scheme 2 29 Proposed mechanism for the phosphine-catalysed cycloaddition of N- 
sulfonyl imines to methyl 2,3-butadienoate
This group has used this [3+2] cycloaddition (Scheme 2.29, R = oMeOPh) as the first 
step in the synthesis o f pentabromoaseudihn 218, a potent marine antibiotic which has 
stronger antibiotical properties than penicillin and exhibits antitumour, antimicrobial 
and phytotoxic activities
Figure 2 2 Pentabromopseudihn, the marine antibiotic synthesised using the 
cycloaddition of N-tosyl 2-methoxybenzaldimine and methyl 2,3- 
butadienoate as the first step
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2 3 2 2 Five Membered Rings Containing Two Heteroatoms 
2 3 2 21  Two Nitrogen Atoms
The synthesis of 2-imidazolines 220 and 221 can be achieved by the transition metal 
complex catalysed reaction of N-sulfonyl immes with isocyanoacetate (Scheme 
2 30)The Ru(II)-catalysed aldol reaction gave ¿rafls-2-imidazohnes stereoselectively,53 
whereas an Au(I) complex catalysed similar reaction gave czs-2-imidazohne as the 
major product54 Hydrolysis of these imidazolines yields 2,3-diamino acids which are 
constituents of some peptidic antibiotics and other biologically active compounds
,R RuH2(PPh3)4 R\  C 0 2Me R C 0 2Me
f f  +C N C H 2C 0 2Me ------- ^  /  \  +  /  \
NTs Tr N\ ^ N Ts^ N ^ N
130 219 ls
220 221
R =  Ph,/>ClPh,/?N02Ph, 2-furyl, l-Bu t r a n s  c i s
Scheme 2 30 The ruthenium catalysed aldol reaction of N-sulfonyl mines with 
isocyanoacetate, giving the trans isomer as the major product
The extension of this work to using a chiral Me2SAuCl-ferrocenylphosphine catalyst 
results in an efficient enantioselective synthesis of optically active 2-imidazolines55 As 
with the previous gold-catalysed reactions, the cis isomer was the major product with 
enantiomeric excess of 99% achieved for some of the products
When N-sulfonyl aldimines are reacted with tosylmethyl isocyamde 222 in the presence 
of a base, cycloaddition occurs to give 4(5)-monosubstituted imidazoles 22456 The 
tosyl group of the initially formed 1-tosyl imidazole 223 is spontaneously lost under the 
reaction conditions
R K2C 0 3
+  TsCH?N = C  
NTs MeOH,
130 222
R
// N 
'/ \'
N
DME
Ts 
223
R = Ph, pNOjPh, pMePh, pCIPh, 2-furyl
R N
I
H
224
Scheme 2.31 4(5)-monosubstituted imidazoles from N-tosylaldimines and tosylmethyl 
isocyamde
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2 3 2 2 2 One Nitrogen Atom, One Oxygen Atom
The N-sulfonyl lmine derived from benzaldehyde has been used as an electron deficient 
dipolarophile m a cycloaddition with a carbonyl ylide57 Manganese metal was used to 
generate the carbonyl ylide from bis-(chloromethyl)ether The use of other N-sulfonyl 
immes was not reported
Ph Cl
+  ^
Mn°-PbCl
NTs C r O Nal, THF
130 225
Scheme 2.32 Substituted oxazohdine from the cycloaddition of N-tosyl benzaldimine 
and carbonyl ylide
1,3-oxazohdines 230 can also be synthesised by the palladium catalysed reaction of N- 
sulfonyl immes with vinylic oxiranes 227 m what is essentially a regioselective [3+2] 
cycloaddition Immes possessing a phenyl or furyl substituent reacted well, as did 
aromatic immes containing electron-donating substituents at the para position Immes 
having stencally crowding substituents as the R group gave slightly lower yields of 
oxazolidmes
Pd(0)
230
R = Ph, 2-fiiryl, />MePh, /?OMePh,
1-naphthyl, l-Bu
Scheme 2 33 Mechanism of the palladium catalysed reaction o f N-sulfonyl mines with 
vinylic oxiranes, give 1,3-oxazohdines
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2 41  Introduction
As shown in Chapter 1, the reaction o f tnazohum lmide 1,3-dipoles with a wide range 
o f dipolarophiles has been investigated In general, the reactions proceed as a 1,3- 
dipolar cycloaddition followed by a 1,4-sigmatropic rearrangement To date, the only 
nitrogen-containing dipolarophiles which ultimately give the imidazo[4 5-d]-1,2,3- 
tnazoles as the final products, are isocyanates and isothiocyanates However these 
reactants limit the substituent at C-5 to carbonyl and thionyl groups In order to enable 
variation o f the substituent at C-5 it was decided to investigate whether N-sulfonyl 
lmines could be used as nitrogen-containing dipolarophiles If these immes successfully 
added to the tnazohum lmide 1,3-dipoles, this would provide a new class o f  
imidazo[4,5-d]-l,2,3-tnazoles, containing an sp3 hybndised C-5 There would also be 
the possibility o f  removing the N-sulfonyl group from N-4 and introduction o f new 
substituents at this site
Conjugation with electron-attracting or electron-releasing substituents increases the 
dipolarophihc activity o f  a multiple bond, and as would be expected, this effect is 
observed with N-sulfonyl immes Sulfonyl m ines containing an aromatic group do not 
form adducts when heated in benzene with dienes, despite the electron-withdrawing 
effect o f  the sulfonyl group However, if  the carbon atom o f  the C=N bond also cames 
an electron-withdrawing group as in CO2R, CF3, o f  CCI3 , adducts are formed under the 
above conditions 18 For this reason, four immes were chosen to use as dipolarophiles 
O f these, three had an electron-withdrawing group attached to the carbon atom, 1 e 
CO2 CH3 , CO2 C2H5 , CCI3, and the fourth had a phenyl group attached to the carbon 
atom
2.4 Results and Discussion:
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2.4 2 Synthesis o f N-Sulfonyl I  mines.
2 4 21  N-p-Toluenesulfonyl Trichloroimine
The synthesis of N-/?-toluenesulfonyl trichloroimine was earned out by the method of 
Albrecht and Kresze 16 This involved the Lewis acid catalysed reaction of N-sulfinyl-/?- 
toluene sulfonamide with chloral, with benzene as the solvent N-sulfinyl-/>-toluene 
sulfonamide was first prepared from />-toluene sulfonamide and thionyl chlonde The 
thionyl chlonde, used in excess, was removed by vacuum distillation The crude N- 
sulfmyl-/?-toluene sulfonamide was then reacted with chloral in refluxmg benzene in the 
presence of a catalytic amount of aluminium tnchlonde Addition of petroleum ether 
gave the required imme in moderate yields
2 4 2 2 N-p-Toluenesulfonyl Benzaldimine
The synthesis of N-/?-toluenesulfonyl benzaldimine was earned out by the method 
reported by Love et a l xs The reaction involved heating benzaldehyde, p- 
toluenesulfonamide and tetraethylorthosilicate for six hours Treatment of the reaction 
mixture with ethyl acetate followed by n-pentane gave excellent yields of the imme in a 
high state of punty
2 4 2 3 N-p-Toluenesulfonyl Imino-2 Acetic Acid Esters
The synthesis of the starting aldehydes (methyl and ethyl glyoxylate)58 involves an acid
catalysed exchange of one equivalent of alcohol between acetal ester 231 and glyoxyhc
acid monohydrate 232 The resulting syrup which consists of hemi-acetal ester 233 and
ester hydrate 234, is then treated with phosphorus pentoxide Distillation of this mixture
gives good yields of the alkyl glyoxylate 152
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r  = c h 3, c 2h 5
OH
/>-TsOH H Q
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,0  HO O
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Scheme 2.34 The Hook Synthesis o f alkyl glyoxylates
233 234
p2o5
O n /O
2 x ^ __ 1/
152 OR
The alkyl glyoxylate is then used immediately to synthesise the N-sulfonyl lmine 15427 
Glyoxylic acid esters 152 and tosylisocyanate 151 react as shown in Scheme 2.12 
through the intermediate 153, leading, after decarboxylation to the imme The reaction 
is earned out m refluxing benzene, the use of aluminium chlonde as a catalyst has been 
reported but was found to have little effect on the yield of imme In fact, the reaction 
usually gave better yields of imme if the catalyst was omitted from the reaction mixture 
The methyl ester analogue 154a has never been isolated until now, it has always been 
reported as being used in situ However, for our purposes it was more productive to 
isolate the imme as white crystals and then proceed with the cycloaddition reaction
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2 4 3 Cycloaddition Reactions o f N-Sulfonyl Imines
2 4 31  N-p-Toluenesulfonyl Trichloromine
The addition of N-/?-toluenesulfonyl tnchloroimine 155 to the tnazolium lmide 1,3- 
dipole 118a was initially earned out under the usual conditions for this type of reaction 
l e equimolar amounts of the two reactants were stirred under reflux m dry acetone for 
7 hours The reaction was monitored by TLC, which indicated when the reaction had 
reached completion The solvent was removed and the residue recrystalhsed from 
ethanol !H and 13C NMR spectra of the pure product indicated that a cycloaddition- 
rearrangement reaction had indeed occurred The doublet at 8 23ppm in the lH 
spectrum, and the bndgehead signals at 102 04 and 102 30ppm m the 13C spectrum, are 
charactenstics of the bicyclic adduct products of these types of reactions However, the 
absence of a methyl signal and some aromatic signals in the spectra indicated that the 
N-/?-toluenesulfonyl group was not present in the molecule as expected Microanalysis 
proved that the product was in fact 2,3a,6,6a-tetraphenyl-5-tnchloromethyl-3,3a,5,6- 
tetrahydro-[l,3]-oxazolo-[5,4-d]-l,2,3-tnazole 236
Scheme 2 35 Reaction of tnazolium imide 1,3-dipole with N-p-toluenesulfonyl 
tnchloroimine did not give the expected imidazo-1,2,3-triazole, but the 
oxazolo-1,2,3-triazole
The formation of this molecule can be explained by the hydrolysis of the N-sulfonyl 
imme to /?-toluenesulfonamide and the corresponding aldehyde, chloral 237, and the 
subsequent cycloaddition of chloral with the tnazolium imide 1,3-dipole As is usual for 
the addition of aldehydes to these dipoles, the addition occurs across the carbon-oxygen 
double bond The hydrolysis of imines is easy and can be earned out with water 59 The 
source of water in this reaction is probably the solvent, acetone being difficult to dry 
and particularly susceptible to absorbing atmosphenc moisture
235
C13C 155
236
lfca’
o
237
PhV N'
N - P h
V
N-Ph
Ph
\
N
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236 238
Scheme 2.36 Hydrolysis o f N-sulfonyl trichloroimine by the presence of water in the 
solvent results in cycloaddition o f the resulting aldehyde, chloral, with 
triazohum intide i, 3-dipole
To combat the hydrolysis, sodium-dned benzene was used as the solvent, but again the 
oxazolo-l,2,3-tnazole was obtained, although in lower yields than the use of acetone 
afforded None of the required imidazo-l,2,3-tnazole was produced in the reaction This 
led to the conclusion that the tnchloromethyl group does not sufficiently activate the N- 
sulfonyl imme to allow it to act as a dipolarophile in the cycloaddition
2 4 3 2 N-p-Toluenesulfonyl Benzaldimine
After the results of the reaction of the tnchloromethyl imme with the dipole, the 
reaction of N-/?-toluenesulfonyl benzaldimine 134 with the tnazolium lmide 1,3-dipole 
was not expected to give the imidazo-l,2,3-tnazole It is unlikely that the phenyl group 
on the carbon atom would sufficiently activate the imme to enable it to add to the 
dipole However, the reaction was earned out with dry benzene as the solvent As with 
the tnchloromethyl imme, one of the compounds isolated was the cycloaddition product 
of the dipole with an aldehyde, in this case, benzaldehyde The other isolated product of
Ph.
Ph
-N
-N. Ph-
N -P h
\\
-  / 
-N
N -P h
/
Ph
CC1
N 
O I
V N x
r  > h
NTs
155
^ CC13 H20
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the reaction was /7-toluenesulfonamide, which fell out of solution in the reaction 
mixture This is a product of the hydrolysis of N-sulfonyl immes
2 4 3 3 N-p-Toluenesulfonyl Imino-2 Acetic Acid Esters
The reaction of N-/?-toluenesulfonyl imino-2-acetic acid ethyl ester 154b with 1,2- 
bis(phenylazo)stilbene 118a was earned out in the usual manner, le  equimolar 
amounts of reactants were stmed under reflux in sodium-dned benzene The reaction 
was monitored by TLC and after 10 hours l,2-bis(phenylazo)stilbene could still be 
detected A 20% excess of the imme was added and the reaction allowed to continue for 
a further 10 hours TLC analysis also showed the presence of two products, and a small 
amount of/?-toluenesulfonamide was recovered from the reaction mixture Separation of 
the products by column chromatography gave two yellow crystalline compounds lH 
and ,3C NMR spectra identified these as bicyclic adducts, one being the lrmdazo-1,2,3- 
tnazole 239b obtained by the addition of the N-sulfonyl imme, the other being the 
oxazolo-1,2,3-tnazole 236d
Scheme 2.37 The two products obtained from the reaction o f tnazohum imide 1,3- 
dipole with N-p-toluenesulfonyl imino-2-acetic acid ethyl ester
Proof that the imme reacted as required with the dipole can be seen from the methyl 
signals in the NMR spectra (2 16ppm in the !H, 14 53ppm in the 13C, Figure 2 3) 
These indicate the presence of the tosyl group m the adduct Other peaks of interest are
O N 
Ph 
236d
26%
25%
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the multiplet at 4 37-4 47ppm and the singlet occumng at 5 15ppm The multiplet 
represents the CH2 of the ester group and the splitting pattern is not the expected quartet, 
but rather a multiplet with 7 peaks This complicated splitting pattern occurs because 
the two protons of the CH2 group are diastereotopic, and therefore have a splitting effect 
on each other, as well as being split by the three protons of the CH3 group The singlet 
occumng at 5 15ppm represents the proton bonded to C-5 This occurs more up field 
than the corresponding C-H (5 65ppm) peak of the oxazolo-tnazole This is due to the 
effect of the neighbouring oxygen atom as compared to the neighbounng nitrogen atom 
Oxygen is more electronegative than nitrogen and so, has a deshielding effect on 
protons m close proximity This deshielding effect causes the proton signal to be shifted 
downfield Nitrogen, while still electronegative, has less of a deshielding effect and so 
the proton signal is shifted upfield
<^Tf^CO(7)Oimi3>HCD
r - t - ' k O L n f n H < n c o c o r '
© o o o o o a > c * c r \ c *
I
lL
-r ■ ■  p
9 5  9 0  8 5  8 0  7 5  7 0 6 5  6 0  5 5  5 0 ppm 2 0 1 5
U 1
ppm
Figure 2 3 lH NMR of 2,3a, 6,6a-tetr apheny 1-4-tosy 1-5-e thy Icar boxy late-
3,3a,4,5,6,6a hexahydroimidazo[4,5-d]-1,2,3-triazole (239b)
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Figure 2 4 13C NMR of 2,3a,6,6a-tetraphenyl-4-tosyl-5-ethylcarboxylate-
3,3a, 4,5,6,6a hexahydroimidazo[4,5-d]-l,2,3-triazole (239b)
Microanalysis confirmed that the molecule obtained was the novel 2,3a,6,6a- 
tetraphenyl-4-tosyl-5-ethylcarboxylate-3,3a-4,5,6,6a-hexahydroimidazo[4,5-d]-l,2,3- 
tnazole (239b) This adduct represents a new group of hexahydroimidazo[4,5-d]-1,2,3- 
tnazoles, in which the C-5 is sp3 hybridised rather than sp2 hybridised
It should also be noted that this reaction was attempted by using the imme in situ, as has 
been done in numerous Diels-Alder cycloadditions It was not successful, the ethyl 
glyoxylate was the only compound recoverable from the reaction mixture The reaction 
was also attempted using dry THF as the solvent, but in this instance, only the oxazolo-
1,2,3-tnazole was produced
The addition of the methyl ester analogue to the dipole was also successful This 
reaction was initially earned out using the N-sulfonyl imme in situ, giving low yields 
(10%) of the imidazo-l,2,3-tnazole adduct Yields were improved by first isolating the 
N-sulfonyl imme and subsequently using it in the cycloaddition
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118 236 X = 0  
239 X  = NTs
X At Ar’ R Yield M P
239a NTs Ph Ph C 0 2Me 15% 197-198
239b NTs Ph Ph C 0 2Et 26% 206-208
239c NTs /?ClPh Ph C 0 2Et 10% 228-230
239d NTs Ph /?N02Ph C 0 2Et 18% 243-244
239e NTs pC  lPh /?N02Ph C 0 2Et 20% 168-170
236a 0 Ph Ph Ph 50% 170-172
236b 0 Ph Ph CC13 46% 163-164
236c 0 Ph Ph C 0 2Me 22% 220
236d 0 Ph Ph C 0 2Et 25% 154-156
236e 0 pC\?h Ph C 0 2Et 21% 181-182
236f 0 Ph /?N02Ph C 0 2Et 30% 179-180
236g 0 /?ClPh /?N02Ph C 0 2Et 26% 178-180
Table 2 1 Yields and melting points of the novel imidazo-l,2,3-triazoles and 
oxazolo’ l ,2,3-triazoles
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f 2 4 4, Reactions o f  Imidazo-l,2f3-Triazoles
2 4 41 Removal of the N-p-Toluenesulfonyl Group
Aryl sulfonyl substituents are highly effective protecting groups for the amino 
functional group They are stable to most reaction conditions, but unfortunately these 
protecting groups have frequently proved troublesome to remove A variety of 
deprotection methods have been used These include a sodium/liquid ammonia 
reductive detosylation,60 (lithium can also be used61) the use of magnesium in 
methanol,62 hydrobromic acid and phenol,63 or acetic acid,64 sodium naphthalamde,65 
sodium amalgam in methanol,35 66 and sodium methoxide in methanol67 The tosyl 
group has also been cleaved from nitrogen by photolysis68 and electrolysis 69
Treatment of the imidazo-l,2,3-tnazole with an excess of sodium methoxide (20 molar 
excess) in boiling methanol resulted in the initial formation of two new products, one of 
those being an intermediate which disappeared after longer reaction times (up to 24 
hours) After work-up and purification on a silica gel column, the resulting *H and 13C 
NMR spectra showed that the bicychc skeleton of the molecule had remained intact, and 
that the tosyl group had successfully been removed from the molecule The results also 
indicated that the carboxylate group had been cleaved from C-5 Of interest in the !H 
spectrum is the singlet at 8 64ppm which represents the proton attached to the now sp2- 
hybndised C-5 The signal peak for the C-5 atom appears at 154 90ppm in the l3C
The mechanism for this reaction is thought to involve base catalysed hydrolysis of the 
ester moiety A carboxylic ester is hydrolysed to a carboxylic acid and an alcohol when 
heated with aqueous acid or aqueous base Base promotes hydrolysis of esters by 
providing the strongly nucleophilic reagent OH This reaction is essentially irreversible, 
since a resonance-stabilised carboxylate anion shows little tendency to react with an 
alcohol
spectrum
0 O
O
+  R'OH
Scheme 2 38 Base catalysed hydrolysis o f a carboxylic ester
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To confirm the mechanism of the detosylation, the reaction was stopped before it 
reached completion and the intermediate was isolated The identification of the 
carboxylic acid derivative 240 as the intermediate serves to support the theory that 
hydrolysis of the ester is the first step in the removal of the ester and tosyl groups from 
the 1,3-dipolar cycloaddition product Elimination of carbon dioxide followed by 
cleavage of the tosyl group gives the novel tetrahydro-imidazo-l,2,3-tnazole 241 in 
good yields
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Scheme 2 39 Removal of the tosyl group by treatment with sodium methoxide in 
methanol The car boxy late group is also removed, yielding a tetrahydro- 
imidazo-1,2,3-triazole
Similar reactions have been reported in which treatment of a Diels Alder adduct of the 
butyl ester N-sulfonyl lmine with sodium ethoxide in ethanol or potassium hydroxide 
gave the detosylated carboxylic acid denvative 1731 In these instances the sulfmic acid 
residue is eliminated first, leaving the acid functional group in the product
The removal of the tosyl group was also attempted with magnesium m methanol, but 
was not successful
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I 2 4 4 2 Reduction o f the Carbon-Nitrogen Double Bond
The removal of the carboxylate and tosyl groups from the adducts of tnazohum N-imide 
and N-sulfonyl immes gave new tetrahydro-imidazo-l,2,3-tnazoles 241 These
hexahydro-imidazo-l,2,3-tnazole with non-electron withdrawing groups at C-5
Imines, Schiff bases, hydrazones and other C=N compounds can be reduced with 
lithium aluminium hydnde, sodium borohydnde, sodium/ethanol, hydrogen and a
In this case, the reduction of the carbon-mtrogen double bond was achieved by stirring a 
solution of the tetrahydro lmidazo-tnazole in dry THF in the presence of a large excess 
of lithium borohydnde Lithium borohydnde is intermediate in activity as a reducing 
agent between lithium aluminium hydnde and sodium borohydnde The reaction 
usually reached completion in 24 hours, and was then quenched with water The product 
was easily punfied by recrystallisation from ethanol or by flash chromatography
Scheme 2 40 Reduction of the carbon-mtrogen double bond with lithium borohydnde
denvatives possess a sp2 hybndised C-5 atom as a result of the carbon-mtrogen double 
bond Reduction of this bond would give a sp3 hybndised atom at C-5, and provide a
catalyst, as well as other reducing agents 70
Ar’
Ar
241
H Ar 
242
Ar = Ph,/?ClPh 
Ar' = Ph,/>N02Ph
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Figure 2 5 }H NMR of 2,3a,4,6a~tetraphenyl-l,3a,4,5,6,6a-hexahydro-imidazo-[4,5-
d]-l,2,3-triazole (242a) (Integrals are twice the shown values)
The JH and ,3C NMR spectra of the product are shown (Figures 2 5 and 2 6) Of 
interest in the ]H spectrum is the difference in the shifts o f the two diastereotopic 
protons attached to the prochiral C-5 These triplets occur at 4 28 and 4 94ppm The 
chemical shift differences (A5) between Hs on the same carbon atom tend to be small -  
usually less than Ippm -  and the coupling constants, J , tend to be large In this case A8 
is 0 66ppm and the coupling constant is 5 6Hz The effect of the neighbouring 
electronegative nitrogen atoms, as well as the five-membered nng, explains the small 
coupling constant The signal for the N-H proton occurs at 4 87ppm, HMQC and a D2O 
shake confirmed this
In the 13C spectrum, the bridgehead carbon signals are clearly seen at 96 04 and 
102 22ppm The peak at 64 26ppm is due to the sp3 hybndised C-5 The HMQC 
spectrum shows that the four most downfield peaks (137 96, 738 80, 140 54, 
143 46ppm) are those of the four phenyl carbons attached to the bicychc nng structure
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Figure 2.6 13C NMR of 2,3a,4,6a-tetraphenyl-l,3a,4,5,6,6a-hexahydro-imidazo-
[4,5'd]-l,2,3-triazole (242a)
The HMQC and HMBC spectra of 2,3a,4,6a-tetraphenyl-l,3a,4,5,6,6a-hexahydro- 
imidazo-[4,5-d]-l,2,3-tnazole are discussed in Chapter 3 and shown in Figure 3.6
f  2 4 5 Reactions o f Oxazolo-l,2y3-Tnazoles
2 4 51 Reaction with Sodium Methoxide/Methanol
The reaction of imidazo-l,2,3-tnazoles with sodium methoxide in methanol proceeded 
with the initial hydrolysis of the ester group attached to C-5 Loss of carbon dioxide and 
elimination of the tosyl group followed giving tetrahydro imidazo-l,2,3-tnazoles 
Further proof for this mechanism could be obtained if the treatment of oxazolo-1,2,3- 
tnazoles with sodium methoxide in methanol also resulted in hydrolysis of the ester
Treatment of 2,3a,6a-tnphenyl-6-(4-mtrophenyl)-5-ethylcarboxylate-3,3a,5,6 
tetrahydro-[l,3]-oxazolo-[5,4-d]-l,2,3-tnazole 236f with an excess of sodium 
methoxide for three days resulted in the formation of two products These were 
separated by column chromatography and identified by NMR spectroscopy as 4- 
nitroamline and 2,4,6-tnphenyl-4H-l,3,4,5-oxatnazene 244 Melting points also 
concurred with literature values
Butler et al have reported similar results 71 The products of the cycloaddition of 
tnazohum N-imide 1,3-dipoles with aldehydes rearrange on heating in ethanol or 
ethanol/acetic acid to give a range of 1,3,4,5-oxatnazenes These results are explained 
by a fragmentation and nng expansion mechanism, which probably involves the key 
intermediate 243 Ring expansion occurs by a preferred distotatory outward 
electrocychc process, relieving strain at the tetrahedral bndgehead carbons This is a 
convenient route from simple precursors to the rare oxatnazene system
Ar
\
E t0 2C V / N  
H  O
Ph
N
-N
x\ + NaOMe
N—P h ~
'  MeOH
Ph
A
o:
Ph
r H O
i
Ph
.  /
■N
N -P h
236f
A r= p N 0 2Ph
243
Ph
I
N N
pA A ,
244
Scheme 2.41 Thermal induced fragmentation and ring expansion of oxazolo-1,2,3- 
triazole to give 2,4,6-triphenyl-4H-l,3,4,5-oxatriazene (244)
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9 The only compound of this unusual class (a potential 871 planar system) known 
previously was prepared in 1980 by photolysis of a relatively inaccessible tnazole-N- 
oxide72
The other compound isolated from the reaction mixture was /?-mtroamline This is a 
possible product of the initial fragmentation reaction Butler's group has not reported the 
isolation of anilines from this or similar reactions The only secondary products they 
obtained were in the form of resins and could not be characterised, although they have 
postulated that the resms may be derived from immes It is likely that this is the case 
and that the /?-mtroanihne isolated is the hydrolysis product of the fragmented imme
Ar
E t 0 2C ^ / N  
H 0
' Fh RI ,N
fragmentation jj hydrolysis AfNH +  HCQR\X +
N ~P h  XT
-  /  / N
•N Ar
Ph
236f Ar =/?N 02Ph
R = C 0 2Et/C02H
Scheme 2.42 Hydrolysis o f fragmentation mine giving p-mtroanihne and unknown 
carbonyl compound
It cannot be shown from these results if the ester group on C-5 of the initial adduct was 
hydrolysed during the reaction It is very likely that under these conditions, hydrolysis 
did occur and, that the carbonyl product from the hydrolysis of the imme was glyoxyhc 
acid (R = C 0 2H)
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f  2 5 Conclusion
The cycloadditions of N-sulfonyl lmines to tnazolium lmide 1,3-dipoles are limited by 
the substituent on the carbon atom of the imme Electron-donating groups such as 
phenyl are not useful substituents in the Diels Alder reactions of N-sulfonyl immes, and 
this group was also found to be ineffective in the 1,3-dipolar cycloaddition 
Surprisingly, the electron-withdrawing tnchloromethyl group was also ineffective in 
this reaction However, the methyl and ethyl carboxylate substituents sufficiently 
activated the N-sulfonyl imme to successfully add to the 1,3-dipole, giving novel 
hexahydro imidazo-l,2,3-tnazoles, saturated at the C-5 position, after 1,4-sigmatropic 
rearrangement of the initial adduct It is thought that favourable secondary orbital 
interactions are responsible for the successful cycloaddition of the carboxylate 
substituted N-sulfonyl immes In all cases hydrolysis of the imme occurred and the 
resulting carbonyl compounds took part in a 1,3-dipolar cycloaddition with the 
tnazolium lmide Subsequent 1,4-sigmatropic reanangement yields a range of novel 
oxazolo-1,2,3-tnazoles
The reaction of these imidazo-l,2,3-tnazoles with sodium methoxide and methanol 
served to remove both the carboxylate and tosyl substituents, giving new tetrahydro 
lmidazo 1,2,3-tnazole denvatives Reduction of the carbon-mtrogen double bond gave 
further novel hexahydro denvatives
The treatment of oxazolo-1,2,3-tnazole with sodium methoxide and methanol yielded 
the rare oxatnazene and p -nitro aniline This is explained by a fragmentation and nng- 
opening process, in which an imme is eliminated as the other fragment The p- 
nitroamhne is believed to be the hydrolysis product of that imme
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§ 2 6 Experimental*
2 61 Synthesis o f N-sulfonyl imines.
2 6 1 1  Synthesis of N-sulfinyl-p-toluenesulfonamide1(134)
/?-Toluenesulfonamide (20g, 0 117mol) and thionyl chloride (36cm3) were stirred under 
reflux for 8 hours The excess thionyl chlonde was removed under vacuum and the 
crude product was used in the synthesis of N-/?-toluenesulfonyl tnchloroimine
2 6 1 2  Synthesis o f N-p-toluenesulfonyl tnchloroimine (155)
ci C1 N-sulfinyl-p-toluenesulfonamide (5g, 0 023mol) and chloral 
(l ci (4cm3, 0 041mol) were stirred under reflux in 20cm3 of benzene 
for 15 minutes Aluminium chlonde was used to catalyse the 
reaction After 15 minutes the red solution was allowed to cool to 
room temperature Addition of pet ether 40-60 resulted in crystallisation of white 
crystals Filtration of these gave 3 45g (0 0115mol, 50%) of N-p-toluenesulfonyl 
tnchloromethyl imme 
M p  113°C (lit 113°C)16
'H (DMSO-dt) (ppm) 2 40 (3H, s) (CH3), 7 35 (2H, d), 7 75 (2H, d), (aromatic C-H), 
8 80 (1H, d) (imino H)
13C (DMSO-d6) (ppm)- 21 34 (CH3), 86 00 (C=N), 102 71 (CC13), 127 07, 129 67,
139 33, 143 06 (all aromatic C)
2 6 1 3  Synthesis o f methyl glyoxylate (152a)
Methyl dimethoxyacetate (lOg, 0 075mol), glyoxylic acid monohydrate
o o
y ^  (7 0g, 0 075mol) and /?-toluenesulphomc acid monohydrate (50mg) were
H heated at 80°C for 18hours The resultant syrup was cooled (ice-methanol) 
and treated portionwise with vigorous stimng with phosphorus pentoxide (8 Og) The 
mixture was heated at 80°C for a further additional 4hours 2 The mixture was then 
distilled under vacuum to give 10 56g (0 12mol, 80%) of the methyl glyoxylate 
!H (CDC13) (ppm). 3 79 (3H, s) (OCH3), 9 38 (1H, s) (aldehydic H)
13C (CDCI3) (ppm): 53 31 (OCH3), 160 13 (C=0, ester), 184 08 (O O , aldehyde)
1 Kresze, G , Wucherpfenmg, W Angew, Chem Internat Edit 1967, 6, 149
2 The reaction mixture at this stage may be conveniently stored in a refrigerator under
argon indefinitely, and distilled to yield glyoxylic ester as required
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I  2 6 1 4  Synthesis ofN-tosyl imino-2 acetic acid methylester (154a)
9 Methyl glyoxylate (5 17g, 0 059mol) and p-toluenesulfonyl 
f| 9 isocyanate (11 62g, 0 059mol) were stirred under reflux in sodium 
dried toluene for 36 hours The product was isolated by removal 
of the solvent and recrystallisation from ethyl acetate
M.p. 175-176°C
'H (DMSO-ds) (ppm). 2 33 (3H, s) (CHj), 3 32 (3H, s) (OCH3), 7 29 (2H, d), 7 53 
(2H, d) (aromatic C-H), 8 75 (1H, d) (imino H)
,3C (DMSO-ds) (ppm)- 21 22 (CH3), 53 02 (OCH3), 63 66 (O N ), 116 65, 129 72,
138 07, 167 43 (all aromatic C), 167 73 (C=0)
2 6 1 5  Synthesis o f ethyl glyoxylate (152b)
o o Ethyl diethoxyacetate (17 8cm3, 0 lOmol), glyoxylic acid monohydrate 
(8 84g, 0 097mol) and /?-toluenesulphomc acid monohydrate (136mg) 
were combined and heated at 90°C for 27 hours in a flask fitted with an 
air condenser The resultant clear homogeneous syrup was cooled (ice-methanol), 
stirred vigorously while phosphorus pentoxide (12 25g) was added portionwise, and 
then heated at 90-100°C for an additional 2 hours The mixture was then distilled under 
vacuum to give 8 67g (0 085mol, 85%) of ethyl glyoxylate
'H (d-acetone) (ppm). 1 36 (3H, d) (OCH2CH3), 4 32 (2H, q) (OCH2CH3), 9 37 (1H, s) 
(aldehydic H)
13C(d-acetone) (ppm) 14 89 (OCH2CH3), 62 53(OCH2CH3), 160 86 (C=0, ester), 
185 84 (C=0, aldehyde)
2 6 1 6  Synthesis ofN-tosyl imino-2 acetic acid ethylester (154b)
o Anhydrous glyoxylic acid ethyl ester (10 2g, 0 lmol) and p- 
toluenesulfonyl isocyanate(16cm3, 0 lmol) were stirred under
'^s \  reflux in sodium-dned benzene in the presence of a catalytic
0 amount of aluminium chloride for 3hours The benzene was
removed under vacuum and the gum-like residue was stirred 
under reflux in pet ether 60-80 to remove the remaining benzene Under these
conditions the residue solidified, and after removal of the solvent, was recrystallised
from ethyl acetate, yielding 18 38g (0 072mol, 72%) ofN-tosyl imino-2 acetic acid 
ethylester
116
M.p 196-198°C (lit 198 5°C)27
'H (DMSO) (ppm) 0 90 (3H, t) (OCH2CH3), 2 37 (3H, s) (CH3), 3 76 (2H, m) 
(OCH2CH3), 7 32 (2H, d), 7 61 (2H, d) (aromatic CH), 8 85 (1H, d) (imino H)
13C (DMSO) (ppm) 13 67 (CH3), 2126 (OCH2CH3), 62 02 (OCH2CH3), 63 83 
(O N ), 126 77, 129 63 (phenyl CH), 138 61, 143 20 (phenyl C), 166 92 (O O )
2 6 1 7  Synthesis ofN-p-toluenesulfonyl benzaldimine (130)
Benzaldehyde (3 89g, 36 7mmol), /?-toluenesulfonamide
(6 28g, 36 7mmol) and tetraethyl orthosihcate (8 04g,
° ^ N 38 6mmol) were placed m a round-bottom flask equipped with
II I 0 a still head and heated at 160°C under nitrogen for 6 hours,
dunng which time ethanol was collected m the receiving flask 
The mixture was cooled and dissolved m warm ethylacetate The mixture was treated 
with n-pentane and allowed to crystallise at room temperature overnight The crystals
were collected by filtration, and washed with n-pentane, yielding 6 20g (65%,
23 9mmol) ofN-/?-toluenesulfonyl benzaldimine 
M p  108-109°C (lit 111-113°C)15
'H (DMSO-d6) (ppm) 2 40 (3H, s) (CH3), 7 45, 7 47 (2H, d), 7 54, 7 56, 7 58 (2H, t), 
7 69, 7 71, 7 73 (1H, t), 7 84, 7 86 (2H, d), 8 01, 8 03 (2H, d) (all phenyl CH), 9 15 (1H, 
s) (immo H)
,3C (DMSO-dfi) (ppm). 21 44 (CH3), 125 96, 128 02, 129 66, 130 43, 131 60, 132 48,
135 18, 135 59, 171 90 (phenyl C and CH, C=N)
2.6 2 Synthesis o f  Hexahydroimidazo-1,2,3-triazoles by 1,3-Dipolar Cycloaddition •
2 6 21  Synthesis o f 2,3a, 6,6a-tetraphenyl-4-tosyl-5-methylcarboxylate-3,3a, 4,5,6,6a-
hexahydroimidazo-[4,5-d]-l,2,3-triazole (239a)
ether 40-60 ethyl acetate) yielding 123mg (0 195mmol, 15%) of 2,3a,6,6a-tetraphenyl-
4-tosyl-5-methylcarboxylate-3,3a,4,5,6,6a-hexahydroimidazo -[4,5-d]-l,2,3-tnazole 
M p  197-198°C 
I.R  (K Br) (cm"')
'H  (CDCb) (ppm) 1 49 (3H, s) (CH3), 3 47 (3H, s) (OCH3), 5 22 (1H, s) (C-H), 6 80-
6 84 (5H, m), 6 94, 6 96, 6 98 (1H, t), 7 03, 7 05 (2H, d), 7 10, 7 12, 7 14 (2H, t), 7 22,
7 24 (3H, d), 7 55-7 59 (6H, m), 7 64, 7 66 (1H, d), 7 97, 7 99 (2H, d), 8 44, 8 46 (2H, 
d) (all phenyl CH)
l3C (CDCI3) (ppm) 21 60 (CH3), 53 00 (OCH3), 76 70 (C-5), 97 87, 97 92 (C-3a, C- 
6a), 122 87, 124 24, 125 52, 127 30, 127 65, 127 78, 128 52, 129 03, 129 29, 129 69, 
132 81,136 02, 144 45 (all phenyl C and CH), 164 37 (C=0)
M.W 629 7 4 g m o lC 36H31N5O4S
l,2-bis(phenylazo)stilbene (0 5g, 0 0013mol) and N-p- 
toluenesulfonyl-2-acetic acid methyl ester (0 35g, 
0 0015mol) were stirred under reflux m 25cm3 sodium 
dried benzene for 24 hours The hot solution was filtered 
and the filtrate evaporated to dryness The residue was 
purified on a silica gel column (mobile phase, 5 1 pet
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2 6 2 2 Synthesis o f 2,3a, 6,6a-tetraphenyl-4-tosyl-5~ethylcarboxylate-3,3a, 4,5,6,6a 
hexahydroimidazo[4,5-d]-l, 2,3-tnazole (239b)
0 05g (20% excess) of the lmine was added and the reaction allowed to continue for a 
further lOhours The benzene was removed under vacuum and the residue was punfied 
on a silica gel column (mobile phase, 5 1 pet ether 40-60 ethyl acetate) yielding 0 22g 
(0 0003mol, 26%) of 2,3a,6,6a-tetraphenyl-4-tosyl-5-ethylcarboxylate-3,3a,4,5,6,6a- 
hexahydroimidazo-[4,5-d]-l,2,3-tnazole 
M.p 206-208°C
I.R (KBr) (cm_1)*1745 (C=0 stretch), 1597, 1505, 1449 (aromatic C-C stretch), 1306, 
1263, 1168, 1090 (ester C-0 stretch), 839 (p-disubstituted Ph), 750, 690 
(monosubstituted Ph)
'H (DMSO-di) (ppm) 1 39 (3H, t, J=7 2Hz) (OCH2CH3), 2 20 (3H, CH3), 4 39-4 43 
(2H, m )  (OCH2CH3), 5 21 (1H, s )  (C5-H), 6 90 (1H, t ,  J=7 2Hz), 6 98-7 10 (10H, m ) ,  
7 13-717 (4H, m ) ,  7 45 (2H, d, J=4 8Hz), 7 61 (2H, t, J=8 4, 7 6Hz), 7 3 (1H, t ,  J=7 6, 
6 4Hz), 7 79 (2H, d, J=8 0Hz), 8 01 (2H, d, J=7 6Hz) (all phenyl H)
,3C (DMSO-dj) (ppm) 14 24 (CH3), 2131 (OCH2CH3), 62 56 (OCH2CH3), 75 82 (C- 
5), 100 35, 102 27 (C-3a, C-6a), 120 56, 122 64, 122 76, 127 29, 127 54, 127 79, 
128 03, 128 47, 128 55, 129 14, 129 67, 129 74, 132 88, 135 77, 136 02, 138 09, 
139 24,141 13,144 27 (all phenyl C, CH), 171 02(C=0)
M W 643 77gmol', C37H33N50 4S
Microanalysis Theory C 69 03%, H 5 17%, N 10 88%
1.2-bis(phenylazo)stilbene (0 5g, 0 0013mol) and N-/?- 
toluenesulfonyl-2-acetic acid ethyl ester (0 33g, 
0 0013mol) were stirred under reflux in sodium-dned 
benzene for 10 hours Inspection by TLC (mobile phase 
5 1 pet ether 40-60 ethyl acetate) showed that all of the
1.2-bis(phenylazo)stilbene had not been used A further
Found C 69 79%, H 5 30%, N 11 16%
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2 6 2 3 Synthesis o f 2,6-diphenyl-3a,6a-di-(4-chlorophenyl)-4-tosyl-5-ethylcarboxylate-
3,3a, 4,5,6,6a-hexahydroimidazo[4,5-d]-1,2,3-triazole (239c)
diphenyl-3 a, 6a-di- (4-chlorophenyl)-4-tosy 1-5 -ethy lcarboxylate-3,3 a,4,5,6,6a- 
hexahydroimidazo[4,5-d]-1,2,3-tnazole 
M p 228-230°C
I R (KBr) (cm'1). 1749 (C=0 stretch), 1598, 1492, 1469 (aromatic C-C stretch), 1168, 
1092 (ester C-0 stretch), 855 (p-disubstituted Ph), 669, 768 (monosubstituted Ph)
'H (DMSO-d6) (ppm) 1 37 (3H, t, J=7 2Hz) ((OCH2CH3), 2 19 (3H, s) (CH3), 4 38- 
4 43 (2H, m) (OCH2CH3), 5 21 (1H, s) (C5-H), 6 93 (1H, t, J=7 2Hz), 7 01 (2H, d, 
J=7 6Hz), 7 07 (2H, d, J=8 8Hz), 7 12-7 20 (6H, m), 7 23, (2H, d, J=8 8Hz), 7 49 (2H, 
d, J=6 4Hz), 7 60 (2H, t, J=7 6Hz, J=8 4Hz), 7 74 (1H, t, J=7 6Hz, J=7 2Hz), 7 78 (2H, 
d, J=8 4Hz), 8 05 (2H, d, J=7 6Hz), (all phenyl CH)
l3C (DMSO-dfi) (ppm) 14 21 (CH3), 21 31 (OCH2CH3), 62 77 (OCH2CH3), 75 67 
(C5), 99 70, 101 77 (C3a,C6a), 120 67, 122 83, 123 01, 127 58, 128 33, 128 54, 129 31, 
129 48,129 67,129 84,133 08,133 44,134 98,135 56, 137 19,139 08,140 65,144 49 
(all phenyl C and CH), 171 05 (0= 0 )
M.W. 712 66gmol', C37H3IC12N50 4S
Microanalysis Theory C 62 36%, H 4 38%, N 9 83%
ci 1,2-bis(phenylazo)-4,4'-dichlorostilbene (0 46g,
OOOlOmol) and N-p-toluenesulfonyl-2-acetic acid ethyl 
ester (0 31g, 0 0012mol) were stirred under reflux in 
sodium-dned benzene for 24 hours The solvent was 
removed under vacuum and the residue was pun fled on a 
silica gel column (mobile phase, 5 1 pet ether 40- 
60 ethyl acetate) yielding 71mg (99jamol, 10%) of 2,6-
Found C 62 26%, H 4 47%, N 9 80%
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2 6 2 4 Synthesis o f 2,3a,6a-triphenyl-6-(4-mtrophenyl)-4-tosyl-5-ethylcarboxylate-
3,3a, 4,5,6,6a-hexahydroimidazo[4,5-d]-I,2,3-triazole (239d)
tnphenyl-6-(4-mtrophenyl)-4-tosyl-5-ethylcarboxylate-3,3a,4,5,6,6a- 
hexahydroimidazo[4,5-d]-1,2,3-tnazole 
M p 243-244°C
I.R (KBr) (cm'1)* 1739 (C=0 stretch), 1597, 1472, 1450 (aromatic C-C stretch), 1540, 
1310 (NO2 asym and sym N-0 stretch), 1175 (ester C-0 stretch), 859 (p-disubstituted 
Ph)
'H  (DMSO-d6) (ppm) 1 45 (3H, t) (OCH2CH3), 1 99 (1H, s) (CH3), 4 48 (2H, m) 
(OCH2CH3), 5 55 (1H, s) (C5-H), 6 93-6 97 (3H, m), 7 03-7 07 (2H, m), 7 12 (2H, t),
7 29 (2H, t), 7 61 (2H, t), 7 78 (2H, t), 7 85-7 94 (4H, m), 8 03 (2H, t), 8 14 (2H, dd),
8 48 (2H, d) (all phenyl CH)
l3C (DMSO-d6) (ppm) 14 44 (CH3), 21 42 (OCH2CH3), 60 12 (OCH2CH3) 73 15 (C- 
5), 96 65, 97 43 (C3a,C6a), 123 12, 124 39, 124 57, 127 40, 127 63, 127 87, 128 31, 
128 41,128 81,129 00,129 70,130 23,139 22,144 45 (all aromatic C), 173 26 (C=0) 
M W 690 78gmol', C stH s^C ^S,
Microanalysis* Theory C 64 51%, H 4 69%, N 12 20%
o l-phenyl-2-(4-mtrophenyl) azostilbene (0 5g, 1 2mmol) 
and N-/?-toluenesulfonyl-2-acetic acid ethyl ester (0 38g, 
1 5mmol) were stirred under reflux in 25cm3 sodium- 
dned benzene for 3 Vi hours The solvent was removed 
under vacuum and the residue was purified on a silica 
gel column (mobile phase, 5 1 pet ether 40-60 ethyl 
acetate) yielding 149mg (0 216mmol, 18%) of 2,3a,6a-
Found C 64 08%, H 4 51 %, N 12 47%
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2 6 2  5 Synthesis o f 2-phenyl-3a,6a-di-(4-chlorophenyl)-6-(4-mtrophenyl)-4-tosyl-5-
ethylcarboxylate-3, 3a, 4,5,6,6a-hexahydroimidazo[4,5-dJ-1,2,3-triazole (239e)
mtrophenyl)-4-tosyl-5-ethylcarboxylate-3,3a,4,5,6,6a-hexahydroimidazo[4,5-d]-l,2,3-
tnazole
M p  168-170°C
I R (KBr) (cm"1)* 1763 (C =0 stretch), 1598, 1470 (aromatic C-C stretch), 1509, 1323 
(NO2 asym and sym N-0 stretch), 1173, 1115, 1092 (ester C-0 stretch), 834 (p- 
disubstituted Ph), 685, 749 (monosubstituted Ph)
'H (DMSO-di) (ppm) 1 45 (3H, t), (OCH2CH3), 2 28 (3H, s), (CHj), 4 48-4 51 (2H, 
m), (OCH2CH3), 5 57 (1H, s), (C5-H), 6 92 (2H, d), 7 05-70 9, (2H, m), 7 21 (3H, d), 
7 30-7 35 (5H, m), 7 61 (2H, d), 7 72 (1H, t), 7 91 (2H, d), 8 02-8 06 (4H, m), (all 
aromatic CH)
l3C (DMSO-di) (ppm)- 14 23 (CH3), 21 37(OCH2CH3), 63 44 (OCH2CH3), 73 21 
(C5), 100 77, 101 25 (C3a, C6a), 115 96, 123 03, 125 21, 127 64, 128 58, 129 22, 
129 41, 129 55, 129 74, 129 98, 133 18, 133 29, 133 84, 134 99, 135 12, 136 87, 
139 16,139 96,144 95, 146 13 (all aromatic C and CH), 170 78 (C=0)
M W  760 6 8 g m o ll,C 37H3oCl2N 60 6S
0
Cl
l-phenyl-2-(4-mtrophenyl)-azo-4,4'-dichlorostilbene 
(500mg, lmmol) and N-/?-toluenesulfonyl-2-acetic acid 
ethyl ester (380mg, 1 5mmol) were stirred under reflux 
in 25cm3 sodium-dried benzene for 24 hours The 
solvent was removed under vacuum and the residue was 
purified on a silica gel column (mobile phase, 5 1 pet 
ether 40-60 ethyl acetate) yielding 152mg (0 2mmol, 
20%) of 2-phenyl-3a,6a-di-(4-chlorophenyl)-6-(4-
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2 6 3 Synthesis o f Oxazolo-1,2,3-Triazoles
2 6 31 Synthesis o f 2,3a, 5,6,6a-pentaphenyl-3,3a, 5,6-tetrahydro-[1,3]-oxazolo-[5,4-
d]-l,2,3-triazole (236a)
l,2-bis(phenylazo)stilbene (0 4g, 0 001 mol) and N-p- 
toluenesulfonyl benzaldimine (0 26g, 0 001 mol) were 
^  ^ ^  stirred under reflux in sodium-dned benzene for 6 hours 
0 N After 6hours a further 0 026g (0 0001 mol, 10% excess) of
N-p-toluenesulfonyl benzaldimine was added and the 
mixture allowed to reflux for a further 12 hours The 
benzene was removed under vacuum and the residue was recrystallised from ethanol, 
yielding 0 24g (0 0005mol, 50%) of 2,3a,5,6,6a-pentaphenyl-3,3a,5,6-tetrahydro-[l,3]- 
oxazolo-[5,4-d] 1,2,3-tnazole 
M p  171-173°C (lit 174-175°C)73
I R  (KBr) (cm'1) 1602, 1501, 1450 (aromatic C-C stretch), 763, 691 (monosubstituted 
Ph)
'H (DMSO-dt) (ppm) 6 28 (1H, s) (C-H), 6 77, 6 78, 6 79 (3H, t), 6 97, 6 99, 7 01 
(2H, t), 7 12, 7 14, 7 15 (6H, t), 7 19, 7 21, 7 23 (2H, t), 7 47-7 57 (5H, m), 7 66, 7 68, 
7 70 (2H, t), 7 75, 7 76, 7 78 (1H, t), 7 92, 7 94 (2H, d), 8 24, 8 26 (2H, d) (all phenyl
H)
,3C (DMSO-di) (ppm) 9125 (C-H), 98 45, 98 49 (C-3a, C-6a), 112 24, 120 53, 
121 70, 122 96, 126 95, 127 56, 127 77, 128 29, 129 44, 129 28, 129 86, 129 97, 
132 89,137 19, 138 28, 138 89, 140 33,143 33 (all phenyl C ’s)
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\2 6 3 2 Synthesis o f 2>3a>6,6a-tetraphenyl-5-trichloromethyl-3,3a,5,6-tetrahydro-[l,3]- 
oxazolo-[5,4-d]-l,2,3-triazole (236b)
l,2-bis(phenylazo)stilbene (0 5g, 0 0013mol) and N-p- 
toluenesulfonyl tnchloroimine (0 5g, 0 0016mol) were stirred 
under reflux in acetone3 for 5 hours after which time there 
was no colour change in the reaction mixture A further 0 2g 
(0 0007mol) of N-/?-toluensulfonyl tnchloroimine were added 
and the reaction was allowed to continue for another 15 
hours The acetone was removed under vacuum and the residue recrystalhsed from 
ethanol, yielding 0 32g (0 0006mol, 46%) of 2,3a,6,6a-tetraphenyl-5-tnchloromethyl- 
3,3a,5,6-tetrahydro-[l,3]-oxazolo-[5,4-d]-l,2,3-tnazole 
M.p 163-164°C
I.R. (KBr) (cm'1), 1589, 1487, 1461 (aromatic C-C stretch), 767, 697 (monosubstituted 
Ph)
■H (DMSO-d6) (ppm)* 6 28 (1H, s) (C-H), 7 05-7 28 (13H, m), 7 49, 7 51 (2H, d), 
7 66, 7 68, 7 70 (2H, d), 7 74, 7 76, 7 78 (1H, t), 8 23, 8 25 (2H, d)
,3C (DMSO-d6) (ppm) 97 15 (C-H), 102 04, 102 30 (C-3a, C-6a), 112 50 (CC13), 
124 09, 127 87, 128 63, 128 77, 129 32, 129 55, 130 11, 130 74, 133 86 (all phenyl C- 
H), 137 87,138 74, 141 35, 144 28 (all phenyl C)
M W 535 86gm ol\  C28H21CI3N4O
Microanalysis Theory C 62 76%, H 3 95%, N 10 46%
Found C 62 58%, H 3 93%, N 10 34%
3 This reaction was also earned out using sodium-dned benzene as the solvent, with the 
same result
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2 6 3 3 Synthesis o f 2, 3a, 6,6a-tetraphenyl-5~methylcarboxylate-3,3a,5,6-tetrahydro-
[l,3]-oxazolo-[5,4-d]-l,2,3-triazole (236c)
l,2-bis(phenylazo)stilbene (0 5g, 0013mol) and N-p-
ether 40-60 ethyl acetate) yielding 136mg (0 286mmol, 22%) of 2,3a,6,6a-tetraphenyl-
5-methylcarboxylate-3,3a,5,6-tetrahydro-[l,3]-oxazolo-[5,4-d]-l,2,3-tnazole 
M p 220°C
I R (KBr) (cm'1)' 1753 (C=0 stretch), 1598, 1505, 1449 (aromatic C-C stretch), 752, 
698 (monosubstituted Ph)
•h (DMSO-di) (ppm). 3 97 (3H, s) (OCH3), 5 69 (1H, s) (C5-H), 6 61 (2H, d, 
J=8 4Hz), 6 77 (1H, t, J=7 2Hz, J=7 6Hz), 7 05-7 15 (10H, m), 7 45 (2H, d, J =6 4Hz), 
7 64 (2H, t, J=7 2Hz, J=8 0Hz), 7 73 (1H, t, J=7 2Hz, J=7 6Hz), 8 22 (2H, d, J=7 6Hz) 
(all phenyl H)
13C (DMSO-dt) (ppm) 53 73 (OCH3), 86 76, 97 08 (C3a, C6a), 114 78, 115 76, 
119 94, 123 01, 126 89, 127 23, 127 85, 128 35, 128 48, 128 79, 129 07, 129 89, 
133 04,136 02,137 26,140 22,141 34 (all phenyl C and CH, also C5), 170 40 (C=0) 
M.W, 476 54gmol \  C29H24N4O3
Microanalysis Theory C 73 09%, H 5 08%, N 11 76%
toluenesulfonyl-2-acetic acid methyl ester (0 35g, 
0 0015mol) were stirred under reflux m 25cm3 sodium 
dned benzene for 24 hours The hot solution was filtered 
and the filtrate evaporated to dryness The residue was 
punfied on a silica gel column (mobile phase, 5 1 pet
Found C 72 79%, H 5 17%, N 11 65%
2 6 3 4 Synthesis o f 2,3a,6>6a-tetraphenyl-5-ethylcarboxylate-3,3a,5,6-tetrahydro-
[1,3]-oxazolo-[5,4-d]-1,2,3-triazole (236d)
l,2-bis(phenylazo)stilbene (0 5g, 0 0013mol) and N-/?-
0 05g (20%excess) of the lmine was added and the reaction allowed to continue for a 
further lOhours The benzene was removed under vacuum and the residue was punfied 
on a silica gel column (mobile phase, 5 1 pet ether 40-60 ethyl acetate) yielding 
159mg (0 325mmol, 25%) o f 2,3a,6,6a-tetraphenyl-5-ethylcarboxylate-3,3a,5,6-
tetrahydro-[l,3]-oxazolo-[5,4-d]-l,2,3-tnazole
M p  154-156°C
I.R (KBr) (cm'1). 1754, (C=0 stretch), 1600, 1505,1449 (aromatic C-C stretch), 1232, 
1203,1180 (ester C-0 stretch), 753, 699 (monosubstituted Ph)
‘H (DMSO-d6) (ppm) 137 (3H, t, J=7 2Hz) (OCH2CH3), 4 41-4 46 (2H, m)
8 22 (2H, d, J=7 2Hz), (all phenyl CH)
l3C (DMSO-ds) (ppm) 14 32 (OCH2CH3), 62 65 (OCH2CH3), 86 96, 97 11 (C3a,
129 05, 129 89, 133 02, 136 09, 137 25, 140 23, 141 33 (all phenyl C and CH), 169 86 
(C=0)
M W 490 57gmol', C30H26N4O3
toluenesulfonyl-2-acetic acid ethyl ester (0 33g, 
0 0013mol) were stirred under reflux in sodium-dned 
benzene for 10 hours Inspection by TLC (mobile phase 
5 1 pet ether 40-60 ethyl acetate) showed that all of the
l,2-bis(phenylazo)stilbene had not been used A further
(OCH2CH3), 5 65 (1H, s) (C5-H), 6 29 (2H, d, J=8 0Hz), 6 77 (1H, t, J= 7 6Hz), 7 08- 
7 13 (10H, m), 7 46 (2H, d, J-5  2Hz), 7 64 (2H, t, J=8 0Hz), 7 73 (1H, d, J=7 2Hz),
C6a), 114 79, 115 73, 119 91, 123 02, 126 91, 127 25, 127 82, 128 31, 128 47, 128 78,
Microanalysis Theory C 73 45%, H 5 34%, N 11 42%
Found C 73 08%, H 5 69%, N 10 74%
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2 6 3  5 Synthesis o f 2,6-diphenyl-3a,6a-di-(4-chlorophenyl)-5-ethylcarboxylate- 
3,3a, 5,6-tetrahydro-[1,3]-oxazolo-[5,4-d]-1,2,3-triazole (236e)
1,2-bis(phenylazo)-4,4,-dichlorostilbene (0 46g,
OOOlOmol) and N-/?-toluenesulfonyl-2-acetic acid ethyl 
ester (0 31g, 0 0012mol) were stirred under reflux m 
sodium-dned benzene for 24 hours The solvent was 
removed under vacuum and the residue was purified on a 
silica gel column (mobile phase, 5 1 pet ether 40- 
60 ethyl acetate) yielding 117mg (0 21 mmol, 21%) of
2,6-diphenyl-3a,6a-di-(4-chlorophenyl)-5-ethylcarboxylate-3,3a,5,6,-tetrahydro-[l,3]- 
oxazolo-[4,5-d]-1,2,3-tnazole 
M p  181-182°C
I R  (KBr) (cm'1) 1741 (C=0 stretch), 1598, 1492, 1468 (aromatic C-C stretch), 1305, 
1236, 1092 (ester C-0 stretch), 832 (p-disubstituted Ph), 746, 685 (monosubstituted Ph) 
*H (DMSO-d6) (ppm). 1 35 (3H, t, J=6 8Hz, J=7 2Hz) (OCH2CH3) 4 37-4 48 (2H, m) 
(OCH2CH3), 5 68 (1H, s) (C5-H), 6 61 (2H, d, J=8 8Hz), 6 80 (1H, t, J=7 2Hz), 7 11- 
7 16 (4H, m), 7 23-7 26 (4H, m), 7 48 (2H, d, J=7 6Hz), 7 64 (2H, t, J=8 0Hz), 7 73 
(1H, t, J=6 8Hz), 8 22 (2H, d, J=7 6Hz)
,3C (DMSO-d6) (ppm): 14 29 (OCH2CH3), 3105 (C5), 62 81(OCH2CH3), 86 97, 
96 73 (C3a, C6a), 114 35, 115 89, 120 28, 123 11, 128 12, 128 58, 128 88, 129 20, 
129 87, 133 16, 133 28, 133 71, 135 09, 136 29, 140 12, 140 94 (all phenyl C and CH), 
169 83 (C O )
M.W 559 46gm ol',C 30H24Cl2N4O3
Microanalysis Theory C 64 41%, H 4 32%, N 10 01%
Found C 64 35%, H 4 44%, N 9 76%
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2 63  6 Synthesis o f 2,3a,6a-triphenyl-6-(4-mtrophenyl)—5-ethylcarboxylate-3,3a,5,6- 
tetrahydro-[1,3]-oxazolo-[5,4-d]-1,2,3-triazole (236f)
l-phenyl-2-(4-nitrophenyl)-azo-stilbene (0 5g,
0 0012mol) and N-/?-toIuenesuIfonyI-2-acetic acid ethyl 
ester (0 38g, 0 0015mol) were stirred under reflux in 
25cm3 sodium-dned benzene for 24 hours The solvent 
was removed under vacuum and the residue was purified 
on a silica gel column (mobile phase, 5 1 pet ether 40- 
60 ethyl acetate) yielding 193mg (0 360mmol, 30%) of 
2,3a,6a-tnphenyl-6-(4-mtrophenyl)-5-ethylcarboxylate-3,3a,5,6-tetrahydro-[l,3]- 
oxazolo-[5,4-d]-1,2,3-tnazole 
M p. 179-180°C
I R (KBr) (cm'1). 1754 (C=0 stretch), 1597, 1449 (aromatic C-C stretch), 1505, 1385 
(NO2 asym and sym N-0 stretch), 1314, 1211, 1160, 1134, 1114 (ester C-0 stretch), 
834 (p-disubstituted Ph), 758, 702 (monosubstituted Ph)
(DMSO-d6) (ppm). 1 41 (3H, t, J=7 2Hz) (OCH2CH3), 4 48 (2H, m) (OCH2CH3), 
5 95 (1H, s) (C5-H), 6 73 (2H, d, J=9 2Hz), 7 03-7 15 (9H, m), 7 65 (t, 2H, J=8 0Hz), 
7 73 (1H, d, J=6 8Hz), 8 05 (2H, d, 9 2Hz), 8 25 (2H, d, J=8 0Hz) (all phenyl CH)
13C (DMSO-dfi) (ppm)* 18 90 (OCH2CH3), 56 38 (OCH2CH3), 63 15 (C5), 86 34, 
96 91 (C3a, C6a), 114 99, 115 20, 123 13, 125 41, 126 77, 127 12, 128 01, 128 58, 
128 93, 129 91, 133 23, 135 29, 135 84, 139 51, 140 10, 146 80 (all phenyl C and CH), 
168 90 (C=0)
M W 535 56gmol \  C30H25N5O5
Microanalysis Theory C 67 28%, H 4 71%, N 13 08%
Found C 67 00%, H 4 79%, N 12 87%
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2 63  7 Synthesis o f 2-phenyl-3a,6a-di-(4-chlorophenyl)-6-(4-mtrophenyl)-5-
ethylcarboxylate-3,3a, 5,6-tetrahydro-[l,3]-oxazolo-[5,4-d]-1,2,3-triazole (236g)
l-phenyl-2-(4-mtrophenyl)-azo-4,4'-dichlorostilbene 
(500mg, lmmol) and N-/?-toluenesulfonyl~2-acetic acid 
ethyl ester (380mg, 1 5mmol) were stirred under reflux m 
25cm3 sodium-dned benzene for 24 hours The solvent 
was removed under vacuum and the residue was punfied 
on a silica gel column (mobile phase, 5 1 pet ether 40- 
60 ethyl acetate) yielding 157mg (0 26mmol, 26%) of 2- 
phenyl-3a,6a-di-(4-chlorophenyl)-6-(4-mtrophenyl)-5- 
ethylcarboxylate-3,3a,5,6-tetrahydro-[l,3]-oxazolo-[5,4-d]-l,2,3-tnazole 
M p. 178-180°C
I R. (KBr) (cm-1) 1747 (C=0 stretch), 1600, 1466 (aromatic C-C stretch), 1509, 1326 
(NO2 asym and sym N-0 stretch), 1173, 1137,1115,1094 (ester C-0 stretch), 752, 690 
(monosubstituted Ph)
'H (DMSO-dé) (ppm) 1 39 (3H, t) (OCH2CH3), 4 46-4 50 (2H, m) (OCH2CH3), 5 98 
(IH, s) (C5-H), 6 71 (2H, d), 7 08-7 15 (4H, m), 7 25-7 30 (4H, m), 7 65 (2H, t), 7 74 
(1H, t), 8 09 (2H, d), 8 24 (2H, d) (all phenyl H)
,3C (DMSO-ds) (ppm)- 14 29 (OCH2CH3), 58 21 (OCH2CH3), 62 79 (C5), 86 97, 
96 74 (C3a,C6a), 114 36, 115 89, 120 25, 123 12, 128 11, 128 58, 128 89, 129 19, 
129 85, 133 14, 133 27,133 70,135 11, 136 30, 140 13, 140 95 (all aromatic C), 169 83 
(C=0)
M W 604 45gmol ', C30H23Cl2N5O5
Microanalysis- Theory C 59 60%, H 3 84%, N 11 59%
Found C 59 72%, H 4 05%, N 11 12%
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2 .64  Detosylation o f  Hexahydroimidazo-l,2,3-Triazoles•
2 6 4 1  Synthesis o f 2,3a,4,6a-tetraphenyl-l,3a,4,6a-tetrahydro-imidazo[4,5-d]-l,2,3- 
triazole (241a)
2,3a,6,6a-tetraphenyl-4-tosyl-5-ethylcarboxylate- 
^  3,3a>4,5,6,6a-hexahydroimidazo-[4,5-d]-l,2,3-tnazole
 ^ (500mg, 0 777mmol) and sodium methoxide (839mg,
N N 15 54mmol, 20 molar excess) were stirred under reflux in
150cm3 anhydrous methanol for 24 hours The solvent was 
removed and the residue dissolved in dichloromethane The 
organic layer was washed with water and then dned with magnesium sulphate The 
magnesium sulphate and dichloromethane were removed and the residue recrystalhsed 
from ethanol to yield 251mg (604mmol, 78%) of 2,3a,4,6a-tetraphenyl-l,3a,4,6a- 
tetrahydro-imidazo[4,5-d]-1,2,3-tnazole 
M p 168°C 
I.R (KBr) (cm'1).
'H (DMSO-d6) (ppm). 6 93-7 06 (11H, m), 7 20 (2H, t, J=8 0Hz), 7 33 (2H, d,
J=8 0Hz), 7 68 (2H, t, J=8 0Hz), 7 74 (1H, d, J=7 2Hz), 8 35 (2H, d, 7 6Hz) (all phenyl
CH), 8 64 (1H, s) (C5-H)
l3C (DMSO-di) (ppm) 99 38, 110 52 (C3a, C6a) 118 07, 122 96, 123 00, 127 36,
127 43, 127 61, 127 78, 127 87, 128 11, 129 43, 129 92, 132 77, 135 87, 138 02,
138 26,140 20 (all phenyl C and CH), 154 90 (C5)
M.W 415 5 0 g m o l C 27H21N5
Microanalysis Theory C 78 04%, H 5 10%, N 16 86%
Found C 77 74%, H 5 13%, N 16 85%
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* 2 6 4  2 Synthesis of 2,4rdiphenyl-3af6a-(4-chlorophenyl)-l,3a,4,6a-tetrahydro- 
imidazo[4,5-d]-1,2,3-triazole (242b)
a 2,6-diphenyl-3a,6a-di-(4-chlorophenyl)-4-tosyl-5-
ethylcarboxylate-3,3a,4,5,6,6a-hexahydroimidazo[4,5-d]-
1,2,3-tnazole (400 mg, 0 56mmol) and sodium methoxide
N N
/) (605mg, 11 2mmol, 20 molar excess) were stirred under
reflux in 150cm3 anhydrous methanol for 24 hours The
solvent was removed and the residue dissolved in
C! dichloromethane The organic layer was washed with water
and then dried with magnesium sulphate The magnesium sulfate and dichloromethane 
were removed and the residue recrystallised from ethanol to yield 217mg (0 448mmol, 
80%) of 2,4,-dipheny]-3a,6a-(4-chlorophenyl)-l,3a,4,6a-tetrahydro~imidazo[4,5-d]-
1,2,3-tnazole 
M p  145°C
'H  (D M S O -d6) (p p m ) 6 88 (1H, t, J=7 6Hz), 6 98 (2H, d, J=8 4Hz), 7 02 (2H, d, 
J=6 8Hz), 7 09-7 17 (5H, m), 7 24 (2H, d, J=7 6Hz), 7 51 (1H, t, J=8Hz), 7 60 (2H, t, 
J=7 2Hz), 7 67 (1H, t, J=7 6Hz), 8 26 (2H, d, J=8Hz) (all aromatic CH), 8 55 (1H, s), 
(C5-H)
l3C (D M S O -d6) (p p m ) 98 24, 109 64 (C3a, C6a) 118 24, 123 02, 123 38, 127 35, 
127 56, 127 69, 127 85, 128 33, 129 35, 129 55, 129 94, 132 65, 135 76, 137 64, 
137 03,139 81 (all phenyl C and CH), 155 12 (C5)
M W 484 39gmor', CjvH^ChNs
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§ 2 6 4 3 Synthesis o f 2,3a, 6,6a-tetraphenyl-4-tosyl-5-carboxylate-3,3a, 4,5,6,6a
hexahydroimidazo-[4,5-d]-l,2,3-triazole (240)
2,3a,6,6a-tetraphenyl-4-tosyl-5-methylcarboxylate- 
C  v 3,3a,4,5,6,6a-hexahydroimidazo-[4,5-d]-l,2,3-tnazole
(500mg, 0 777mmol) and sodium methoxide (839mg, 
15 54mmol, 20 molar excess) were stirred under reflux in 
150cm3 anhydrous methanol TLC analysis during the 
reaction showed the presence of a second product The 
solvent was removed and the residue dissolved in dichloromethane The organic layer 
was washed with water and then dned with magnesium sulphate The magnesium 
sulphate and dichloromethane were removed and the two products separated on a silica 
gel column (mobile phase 5 3 pet ether (40-60) ethyl acetate) The second product was 
found to be 2,3a,6,6a-tetraphenyl-4-tosyl-5-carboxylate-3,3a,4,5,6,6a 
hexahydroimidazo-[4,5-d]-1,2,3-tnazole 
M p  259-260°C
I R. (KBr) (cm'1). 3209 (O-H stretch), 1708 (C=0 stretch), 1597, 1499, 1450 (aromatic 
C-C stretch), 851 (p-disubstituted Ph), 751, 688 (monosubstituted Ph)
!H (DMSO-d6) (ppm). 2 31 (3H, s), (CH3), 6 87-6 99 (7H, m), 7 01-7 04 (6H, m), 7 14 
(2H, t, J= 8Hz), 7 22 (1H, s) (C5-H), 7 30 (1H, d, J= 8Hz), 7 56 (2H, d, J= 8Hz), 7 66 
(3H, t, J=7 6Hz), 7 71 (1H, d, J=7 2Hz), 8 32 (2H, d, J= 8Hz), (all phenyl H), 8 99 (1H, 
s) (COOH)
13C (DMSO-di) (ppm): 21 26 (CH3), 92 74, 97 67 (C3a, C6a), 122 90, 123 59, 124 41, 
125 97, 127 18, 127 45, 128 03, 128 08, 128 27, 128 53, 129 65, 130 05, 133 05, 
135 69, 136 80,137 86,140 14, 141 77,142 20,158 41 (COOH)
M W  615 72gmol-l, C35H29N5O4S
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§> 2 6 5 Reduction ofTetrahydroimidazO’l,2,3-Triazoles
2 65 1 Synthesis o f 2,3a,4,6a-tetraphenyl-lf3a,4,5f6,6a-hexahydro-imidazo[4,5-d]- 
1,2,3-triazole (242a)
2,3a,4,6a-tetraphenyl-l,3a,4,6a-tetrahydro-imidazo[4,5-d]-
1,2,3-tnazole (250mg, 0 602mmol) was dissolved m 20cm3 of 
dry THF Lithium borohydnde (65mg, 3 01 mmol) was added 
and the mixture was stirred for 12 hours, using a calcium 
chloride guard tube to prevent the introduction of atmospheric 
moisture The reaction was quenched with water and the 
solvent removed under vacuum The residue was dissolved in dichloromethane and the 
purified on a silica gel column (mobile phase, 5 3 pet ether 40-60 ethyl acetate) 
yielding 156mg (0 373mmol, 62%) of 2,3a,4,6a-tetraphenyl-l,3a,4,5,6,6a-hexahydro- 
imidazo[4,5-d]-1,2,3-tnazole 
M.p. 160-162°C
I.R  (K Br) (cm'1) 3408 (N-H stretch), 1598, 1500, 1448 (aromatic C-C stretch), 749, 
688 (monosubstituted Ph)
'H (DMSO-d6) (ppm) 4 28 (1H, t, J=5 6Hz, J=6 4Hz) (C5-H), 4 87 (1H, t, J=4Hz, 
J=6 4Hz) (N-H), 4 93 (1H, t, J=4 4Hz) (C5-H), 6 53 (1H, t, J=7 2Hz), 6 64 (2H, d, 
J=8 4Hz), 6 94-7 03 (10H, m), 7 13 (2H, d, J=7 2Hz), 7 50 (2H, t, J=7 2Hz, J=7 6Hz), 
7 61 (1H, d, J=7 2Hz), 8 12 (2H, d, J=7 6Hz) (all phenyl CH)
,3C (DMSO-da) (ppm). 64 26 (C5), 96 04, 102 22 (C3a, C6a), 114 91, 117 55, 122 69, 
126 84, 127 08, 127 66, 127 74, 127 87, 127 91, 128 76, 129 78, 132 37, 137 96, 
138 80, 140 54, 143 46 (all phenyl C and CH)
M W 417 52gmol', C27H23N5
Microanalysis Theory C 77 67%, H 5 55%, N 16 77%
Found C 77 67%, H 5 63%, N 16 68%
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2 6 5 2 Synthesis o f 2,4-di-phenyl-3a, 6a-di-(4-chlorophenyl)-1,3a, 4,5,6,6a-hexahydro- 
imidazo[4,5-d]-1,2,3-triazole (242b)
2,4-di-phenyl-3a,6a-di-(4-chlorophenyl)-l,3a,4,6a-tetrahydro 
lmidazo [4,5-d]-l,2,3-tnazole (300mg, 0 62mmol) was
dissolved m 20cm3 of dry THF Lithium borohydnde (65mg, 
3 01 mmol) was added and the mixture was stirred for 12
hours, using a calcium chloride guard tube to prevent the
introduction of atmospheric moisture The reaction was 
quenched with water and the solvent removed under vacuum 
The residue was dissolved in dichloromethane and the purified on a silica gel column 
(mobile phase, 5 3 pet ether 40-60 ethyl acetate) yielding 199mg (0 41 mmol, 66%) of
2,4-di-phenyl-3a,6a-di-(4-chlorophenyl)-l,3a,4,5,6,6a-hexahydro-imidazo[4,5-d]-l,2,3- 
tnazole
M p  159-161°C
'H (DMSO-dfi) (ppm). 4 39 (1H, t), (C5-H), 5 05 (1H, t), 5 11 (1H, t) (C5-H), 6 69 
(1H, t), 6 75 (2H, d), 7 11 (2H, t), 7 17 (2H, d), 7 21-7 28 (5H, m),
13C (DMSO-d6) (ppm) 64 11 (C5), 95 67, 101 62 (C3a, C6a), 114 96, 117 92, 122 73,
127 96, 128 89, 128 97, 129 41, 129 83, 130 33, 132 37, 132 56, 132 72, 137 04,
137 90, 140 36, 143 14 (all aromatic Cs)
M.W 486 41gmol', C27H21CI2N5
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CHAPTER THREE 
PHOTOCHEMISTRY OF IMIDAZO-l,2,3-TRIAZOLES
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p Chapter 3 Photochemistry of Im idazo-l,2,3-Triazoles
3.1 Photochemistry of PyrroIo-l,2,3-TnazoIes.
In previous work by our group,1 the photochemistry of a range of pyrrolo-l,2,3-tnazoles 
was investigated The photochemistry of this group of compounds was found to be 
dependent on the bridgehead substituents, on the degree of saturation between C5 and 
C6, and on the substituents at C5 and C6
3.1.1 Photorearrangements o f Substituted 2,3a,4,6a-Tetraphenyl-3,3a,4,5,6,6a- 
Hexahydropyrrolo[2,3-d]-l,2,3-Triazoles.
As mentioned in Chapter One, irradiation of hexahydropyrrolo[2,3-d]-l,2,3-tnazoles 1 
led to the formation of 2,5,6,7-tetrahydro-l,2,3,5-tetrazocines 2 by a photochemically 
allowed 4tt disrotatory electrocychc ring expansion2 X-ray crystallography analysis of 
the tetrazocines formed revealed that the stereochemistry of the ester substituent on C7 
was not as expected It was discovered that the first step in the photochemical 
electrocychc ring opening was an exo-endo epimensation of the ester group This 
epimensation gives a more stencally favourable tetrazocine, in which the ester group is 
further away from the bulky phenyl groups of C-8 and N-5
ho
Ph
-N.
\N + 
N -P h/
N
a X = C 0 2Me, Y = H 
b X = C 02Et, Y = H 
c X = C 02Me, Y = Me 
d X = COMe, Y = H
Ph
ho
Ph
Scheme 3 1 Formation o f novel 1,2,3,5-tetrazocine from bicychc precursors
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However substitution of electron-donating groups on C5 and C6 (X=Y=CH20H) gave 
no reaction on irradiation This is due to the exo-onentations of the C6 subsitituent and 
not the required e/tdo-orientation
When X = CN the resulting 2,5,6,7-tetrahydro-l,2,3,5-tetrazocine 2 subsequently 
underwent a 1,3-H sigmatropic shift to give the l,2,5,6-tetrahydro-l,2,3,5-tetrazocine 
246 1 The mechanism of this reaction is shown in Scheme 3.2 The fact that the 1,3-H 
shift was only observed for the cyano derivative was attributed to the fact that the nitnle 
a-CH bond is more labile than the ot-CH bond of the ester and ketone analogues
•N.
N -P h  —
N
X = CN, Y = H
Ph
hu
Ph
1,3-H shift 
H
Ph
246
Scheme 3.2 7,3-H sigmatropic shift o f the initially formed 2,5,6,7-tetrahydro-l, 2,3,5-
tetrazocine, giving the 1,2,5,6-tetrahydro-l,2,3,5-tetrazocine
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3.1.2. Photorearrangements o f Substituted 3a,6a-diaryl-2,4-diphenyl-3,3a,4,6a- 
Tetrahydropyrrolo[2,3-d]-l,2,3-Triazoles
Photolysis of tetrahydropyrrolo-l,2,3-tnazoles 247 led to the rearrangement of the 
molecule to give imidazo[4,5-c]pyrazoles 248, which on further photolysis fragmented 
to give imidazoles 249 This result was also reported by Butler et al3 who confirmed the 
structure of the imidazo[4,5-c]pyrazoles by X-ray crystallography
huN - P h
-  /
'N
Ar 
247
a X = Y = C 0 2Me, Ar = Ph 
b X -  H, Y = C 0 2Me, Ar = Ph 
cX  = Y = C 0 2Me, Ar = pCIPh 
d X = H, Y = C 0 2Me, Ar = pCIPh 
e X -  H, Y = CN, Ar =Ph
249
Scheme 3.3 Photolysis o f  tetrahydropyrrolo-1,2,3-triazoles results in rearrangement 
o f the molecule to imidazo[4,5-c]pyrazoles Further irradiation causes 
fragmentation, giving substituted imidazoles
The mechanism proposed by Butler et al3 for this complex rearrangement involves an 
initial disrotatory outward electrocyclic nng expansion to the 107i-tetrazocine 250 
(Scheme 3 4) This is followed by a transannular nng contraction to the intermediate 
251 and a 1,4-sigmatropic reanangement involving N-N bond cleavage and C-N bond 
formation to yield the stable bicyclic products 248
The intermediate tetrazocine nng 250 undergoes transannular nng contraction by 
nucleophihc attack of the N-2 lone pair on the electron deficient C- 6  The 1,4- 
sigmatropic rearrangement of 251 to 248 is a thermally allowed suprafacial process It 
involves six electrons, two of which come from the negative charge of the zwittenomc
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intermediate 251 The migration dissipates the formal charges of 251 and is also 
favourable as it involves the breaking of a N-N bond and the formation of a C-N bond
Ar
X
247
/ \
Ph Ar
250
Y Ar
Ar
Ph
N
/
N Ar
Y '
Ph A Ph
Y X
Ph
248 251
Scheme 3 4 Mechanism o f formation o f imidazo[4,5-c]pyrazoles by the irradiation o f
3.1.3 Photorearrangements o f Substituted 3 a, 6a-Dim ethyl-3,3 a, 4,5,6,6 a-
Hexahydropyrrolo[2,3-d]-l,2,3-Triazoles*l
The irradiation of 3a,6a-dimethyl hexahydropyrrolo[2,3-d]-l,2,3-tnazoles 252 with a 
medium pressure mercury lamp yielded the stable hexahydropyrrolo[3,2-b]-indole 256 
The mechanism shown m Scheme 3 5 is explained in terms of a series of photoinduced 
sequential transformations The initial mtermdiate is the tricyclic fused tnazindine 253 
which then yields the 1-substituted fused 1,2,3-tnazole 254 by a tandem ring opening 
and 1,3-sigmatropic rearrangement This rearrangement is favoured as it relieves the 
nng strain of the tnazindine Further irradiation of the isolated 1,2,3-tnazole yields the 
pyrrolomdole by loss of nitrogen and intramolecular cyclisation
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»N.
N -P h
ho
N
ho
- N-
254
•N
N - P h
N
N - P h
255
Scheme 3 5 Mechanism o f photochemical reaction o f substituted 3a,6a-dimethyl 
hexahydropyrrolof 2,3-d]-1,2} 3-triazoles, yielding pyrrolo]3,2-b]indoles
However on irradiation of 6 -methoxycarbonyl 3a,6a-dimethyl-2,4-diphenyl- 
3,3a,4,5,6,6a-hexahydropyrrolo[2,3-d]-l)2,3-tnazole 252 (X=C0 2 Me, Y=H), two 
products were isolated 1 The minor product was the pyrroloindole 256 (X=C0 2 Me, 
Y=H) The major product was found by X-ray crystallography to be 257 The 
mechanism of formation of 257 is shown in Scheme 3 6  On further irradiation by pyrex 
filtered UV light, 257 undergoes ring closure to give the pyrroloindole
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252 254
257
Scheme 3 6  Mechanism o f formation o f 257 on photolysis o f 3a,6a-dimethyl-2,4- 
diphenyl-3,3a, 4,5,6,6a-hexahydropyrrolo[2,3-d]-1,2,3-triazole
3.14 Photorearrangements o f Substituted 3a,6a-Dimethyl-3,3af4,6a- 
Tetrahydropyrrolo[2,3-d]l,2,3-Triazoles 1
On irradiation of 258 in acetomtnle solution using a medium pressure mercury lamp 
two products were isolated (Scheme 3 7) The major product was identified as the 
substituted pyrrole 261 The formation of this five-membered ring is explained by a 
mechanism similar to that proposed for the hexahydro analogues Initial 
photorearrangement to 259 followed by loss of nitrogen and subsequent loss of aryl 
mtrene from the fused azindine intermediate 260 yields the substituted pyrrole The 
dnving force for the elimination of aryl mtrene is the formation of the aromatic five- 
membered ring The other photoproduct isolated was azoarene, formed on dimérisation 
of the aryl mtrene eliminated dunng the reaction process
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ho N*
N/
N
\
Ar
X =C0 2Me, H 
Y -  C 02Me 
Ar = Ph, />N02Ph
-N ,
-NAr Ar
Ar
261 260 
Scheme 3 7 Formation o f substituted pyrroles by the irradiation o f 3a,6a-dimethyl 
tetrahydropyrrolo-1,2,3-triazoles
3 2 Woodward-Hoffmann Rules and Photochemistry
The use of light to bring about chemical change has been recognised for many years, but 
it was in 1970, when Woodward and Hoffmann published their application of the 
Principle of Conservation of Orbital Symmetry,4 that the understanding of 
photochemical processes began to develop
Concerted reactions, which proceed through a cyclic transition state, e g electrocychc, 
sigmatropic, cheletropic and cycloaddition, are termed pencyclic reactions The 
Principle of Conservation of Orbital Symmetry predicts which types of cyclic transition 
states are energetically feasible The Woodward-Hoffmann orbital symmetry rules are 
based on the principle that reactions take place in such a way as to maintain maximum 
bonding throughout the course of the reaction
An electrocychc rearrangement is a pencyclic reaction in which one new o bond is 
formed (or broken) across the ends of a single conjugated n system Stereochemical
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t  studies show a remarkable stereospecificity whose direction depends on whether the
reaction is induced by heat or by light There are four stereochemically distinguishable 
ways in which an electrocychc reaction can take place (Figure 31), two are distrotatory 
(one group rotates clockwise and one anticlockwise) and two are conrotatory (the two 
groups rotate m the same way, both clockwise or both anticlockwise)
The application of frontier molecular orbital theory, the aromatic transition state theory 
and orbital correlation diagrams all result in the same predictions for electrocychc 
reactions These are summansed m Table 3 1
Number of n electrons Reaction Motion
4n thermal conrotatory
4n photochemical disrotatory
4n + 2 thermal disrotatory
4n + 2 photochemical conrotatory
Table 3 1 Woodward Hoffmann rules for electrocychc reactions
Woodward and Hoffmann state the general rule for pencyclic reactions as follows
'A ground state pencyclic change is symmetry allowed when the total number o f  
(4n +2) suprafacial and 4n antarafacial components is odd '
This can also be written as
Thermal pencyclic reactions occur via aromatic transitions states 
Photochemical pencyclic reactions occur via antiaromatic transition states
These generalisations are based on the fact that in principle, there are two types of 
aromatic systems, the Huckel aromatic system which has (4n + 2)n electrons and the 
Mobius type aromatic system which has (4 n)7i electrons
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Figure 3.1 Four possible stereochemical outcomes o f an electrocyclic ring opening 
reaction.
The initial photochemical ring-opening of pyrrolo-l,2,3>triazoles is a disrotatory 
outward electrocyclic process, involving the An electrons of the triazole ring.3 Because 
of the presence of the lone pairs in the conjugated system, the electrocyclic process 1 
2 can be viewed as either An or An + 2 but if it is confined to the terminal bond involved 
it is a 471 process requiring irradiation for disrotation. As it is the triazole half of the 
molecule which is involved in the ring opening, imidazo~l,2,3-triazoles should also 
undergo this disrotatory electrocyclic process.
Conrotatory
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3.3 Results and Discussion:
3.3 1 Photochemistry o f  sp2-C5 Imidazo-l,2,3-Triazoles.
The initial attempts to synthesise a 1,2,3,5,'7-pentazocine involved the irradiation of the 
adducts derived from tnazolium-N lmides and isocyanates and isothiocyanates (adducts 
1 2 2 a-k and 124a-d) These adducts possess a carbonyl or thionyl group at the C-5 
position, but it was hoped that the presence of this group would not affect the 
photochemical behaviour of the nng opening The 4n n system involved is contained in 
the tnazole functionality of the bicychc adduct, and the imidazo functionality should 
play no part in the photochemically induced nng-opening
Scheme 3.8 Irradiation o f  imidazo-1,2,3-triazoles with a thionyl or carbonyl group at
However, the irradiation of imidazo-1,2,3-tnazoles derived from the cycloaddition of 
tnazohum-N-imides with isocyanates and isothiocyanates resulted in a large number of 
photoproducts The separation and identification of these products proved to be 
extremely difficult Variation of experimental conditions, such as concentration of 
photolysis solution, length of time of irradiation, solvents, and degassing before and 
during photolysis, gave little improvement Short periods of irradiation time gave fewer 
products, but extremely low yields of unstable compounds, which proved impossible to 
identify Longer reaction times gave more products that were difficult to separate by 
column chromatography The separation of these products was attempted using 
preparative TLC plates, but to no avail The use of different solvents, and solid-state 
photolysis had no effect on the reaction
N N 
A t’7 A r
hu
many products
122 X = 0  
124 X = S
C-5
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Breaking the imidazo-l,2,3-tnazole into it's constituent functional groups, and 
examining the photochemical reactions of each, it is easy to see why so many 
photoproducts were formed
The azimme group, a three-nitrogen 4n dipolar system undergoes photoisomensation to 
give tnazindines 5
0 hu
0
262 263
Scheme 3 9 The first triazindine was synthesised by the U V irradiation o f azimine
The blue azimme 264, of interest as an inhibitor in the photo-oxidation of polymers and 
as a trapping reagent for the detection of free radicals, proved to be stable on long and 
short wavelength irradiation6 However, multiple excitation with excimer laser pulses 
led to a disappearance of the blue colour and the product was assigned the isomeric 
structure 265 Further irradiation of 265 using a low pressure lamp led to the 
reformation of 264, along with a number of other compounds, the major by-product 
being 266, formed by loss of methyl mtrene
R R
I
hu
A or hu
Scheme 310 Irradiation o f the blue azimine led to the formation o f a triazindine, 
which on loss o f methyl mtrene gave 266
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0  The photochemistry of the carbonyl group has been extensively studied, more so than
the thionyl group, but both groups seem to undergo similar photochemical reactions 
The presence of the carbamide functionality seems to prevent the usual photoreactions 
of the carbonyl bond The UV irradiation of an aqueous solution of 1,3-dimethyluracil 
267 resulted in a photoadduct, 6 -hydroxy-1,3-dimethylhydrouracil 2687 The carbamide 
group remained intact during the photolysis
Scheme 311 Photoaddition o f water to a double bond UV irradiation has no effect on 
the carbamide functional group
Of course, the possibility that the required electrocyclic ring-opening of the lmidazo-
1,2,3-tnazole did occur, cannot be discounted, m fact it is highly likely that it did take 
place However, the susceptibility of the carbonyl group to attack by nucleophiles 
would result in further rearrangement and probable fragmentation of this molecule One 
of the products which was isolated and analysed by NMR, is possibly the 2,4,5-tnaryl-
2,4-dihydro-[l,2,4]-tnazol-3-one 272 It is likely that this molecule is formed as shown 
in Scheme 3.12 After electrocyclic ring-opening, the carbonyl carbon is attacked by the 
lone pair of nitrogen This type of transannular interaction is well known m eight- 
membered nngs containing an exocyclic carbonyl bond 8 Cleavage of the carbon- 
nitrogen bond and the mtrogen-mtrogen bond would give the tnazolone and N-phenyl 
benzamidine 271
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Scheme 3 12 Possible photoreaction o f imidazo-l,2,3-tnazoles with a carbonyl or 
thionyl group at C-5
The substituent Y on N-4 could be either the phenyl ring or substituted phenyl ring, 
depending on which carbon-nitrogen bond is broken after transannular interaction
Of all of the imidazo-l,2,3-tnazoles derived from isocyanates 1 2 2 a-k, and 
isothiocyanates 124a-d, the cleanest product was obtained from the irradiation of 2,6- 
diphenyl-4(4-methyoxyphenyl)-3a,6a-bis(4-chlorophenyl)-5-oxo-3,3a,4,5,6,6a- 
hexahydroimidazo [4,5-d]-l,2,3-tnazole 122f 500mg of the cycloadduct were irradiated 
with a medium pressure mercury lamp for 2 hours Separation of the products by flash 
chromatography yielded a small amount of a yellow compound *H NMR analysis of 
this compound showed a singlet peak at 3 69ppm, with an integration of 3 protons This 
indicated that the methoxy group was still present in the product The product also 
showed 17 aromatic protons, with a very defined splitting pattern This led to the 
conclusion that the molecule was the substituted lmidazolone The splitting pattern of 
the ]H NMR fits this structure very well, showing 7 doublets, integrating as 2  protons 
each, and two triplets, integrating as one proton and two protons
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Scheme 3 13 Irradiation o f cycloadduct led to the novel imidazolone
The mechanism (Scheme 3 14) is likely to involve the photoisomensation of the 
azimme moiety to give the tnazindine 274 Loss of molecular nitrogen followed by loss 
of phenyl mtrene would give the imidazolone 273 This compound has not previously 
been reported, but was not stable enough to fully charactense
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Scheme 3 14 Possible mechanism for the formation o f the novel imidazolone 273
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3.3 2 Photochemistry o f sp3-C5 Imidazo-l,2,3-Triazoles
3 3 21  No Substituents at C5
As mentioned previously, the irradiation of hexahydropyrrolo-[2,3-d]-tnazoles with 
ultraviolet light (wavelength >385nm) led to the stable 2,5,6,7-tetrahydro-l,2,3,5-
tetrazocines (Scheme 3.15)
hu
Ph
X„ ■=N
N-
N ‘
I
N
Ph
Ph Ph
1 a X = C 0 2Me, Y = H 
b X = COMe, Y = H 
c X = C 0 2Et, Y = H 
d X = C 0 2Me, Y = Me
Scheme 315 Synthesis o f novel 1,2 f 3,5-tetrazocines by the irradiation o f  
hexahydropyrrolo-1,2,3-tnazoles
The success of this reaction is due to the absence of substituents on the sp3-hybndised 
C5 atom of the bicyclic precursor Both electron withdrawing at the C5 position and 
electron donating substituents at both the C5 and C6  positions were found to prevent the 
formation of stable tetrazocines The initial step m the reaction is an exo-endo 
epimensation (Scheme 3 1) which reduces stenc crowding and facilitates the nng- 
openmg Attempts to form tetrazocines from precursors with alkoxy substituents at C5 
and C6  failed, due to the C6  substituent being in the exo-orientation
Hexahydroimidazo-l,2,3-tnazoles with no substituents at C5 would hopefully provide 
suitable precursors for the previously unknown pentazocine molecule Irradiation of 
2,3a,4,6a-tetraphenyl-1 ,3a,4,5,6a-hexahydro-imidazo-[4,5-d]-1,2,3-tnazole 242 with 
white light for 24 hours led to the formation of one major product, as shown by TLC 
Separation of this product and initial lH and 13C NMR studies indicated that the system 
had undergone distrotatory ring opening and that the required pentazocine 278 had been 
formed (Scheme 3 16) (See Figure 3 2 for lH NMR spectrum )
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Scheme 316 Photolysis o f hexahydroimidazo-l,2,3-tnazoles to give the novel 
Î ,2,3,5,7-pentazocines
Unfortunately, crystals suitable for X-ray diffraction could not be obtained This led to 
the search for a suitable method of proving that the novel pentazocine had been 
synthesised
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Figure 3 2 1H NMR ofproduct from photolysis o f 2,3a, 4,6a-tetraphenyl-l, 3a, 4,5,6a-
hexahydro-imidazo-[4,5-d]-J,2,3-tnazole 242a (The peak at 5 813ppm 
is due to dichloromethane)
3 3 2 2 2D NMR Experiments
HMQC (heteronuclear multiple quantum correlation) and HMBC (heteronuclear 
multiple bond correlation) are inverse detection two-dimensional NMR techniques that 
show both short range and long range coupling HMQC experiments show one bond C- 
H connections while HMBC shows 2 and 3 bond C-H connections
A comparison of the HMQC and in particular, the HMBC of the proposed pentazocine 
and it’s immediate precursor should provide enough information to prove the structure 
of the eight-membered ring
As a control experiment, the HMQC and HMBC spectra of a known tetrazocine, 7- 
ethoxycarbonyl-2,3,4,8-tetraphenyl-2,5,6,7-tetrahydro-l ,2,3,5-tetrazocine 2 b and its 
immediate precursor lb  were also obtained The HMQC (Figure 3 3a) of the precursor 
indicates the difference in chemical shifts of the two diastereotopic protons attached to 
C-5 However, differentiation between the other diastereotopic proton, the proton 
attached to C- 6  and the OCH2 of the ester group cannot be achieved as all of these 
protons appear as a multiplet between 3 73 and 3 8 8  ppm Moving on to the HMBC 
(Figure 3 3b), the more downfield diastereotopic proton shows 2-bond coupling with 
C-6 , and 3-bond coupling with one of the bridgehead carbons, as well as the carbonyl 
carbon of the ester group The 4-proton muliplet shows coupling with a number of 
carbon atoms, including both bridgeheads, C-5 and C-6 , and the carbonyl carbon, but it 
is difficult to definitively assign these couplings
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HMQC (a) and HMBC (b) spectra o f the tetrazocine precursor lb
The HMQC spectrum (Figure 3 4a) of the tetrazocme gave some unexpected results 
and lead to a reassignment of some peaks in both the !H and 13C spectra The signals 
that appear at 3 6 8  and 3 8 8 ppm in the ]H spectrum and couple to the peak at 61 19ppm 
in the 13C spectrum were assigned as the CH2 of the ester group This appearance of two 
peaks for apparently equivalent protons was confirmed by the HMBC spectrum (Figure 
3 4b), in which Vhc coupling with the CH3 of the ester group and 3*/hc coupling with 
the carbonyl carbon are seen No other protons in the molecule could display these 
interactions
The multiplet that appears at 4 76ppm was then assigned as the two protons bonded to 
C-6 , which appears at 47 80ppm These assignments are confirmed by the coupling that 
is seen in the HMBC spectrum Here J  coupling with C-7 appears, as well as J  
interaction with the carbonyl carbon On the basis that the C- 6  protons are the only non- 
aromatic protons m the molecule that would have 2  or 3 bond interactions with C-4, the 
peak at 176 84 was reassigned as the sp2-hybridised carbon The remaining two
'X *1
couplings of these protons were assigned as J  to C- 8  at 154 24ppm and J  to the
quaternary carbon of the phenyl group attached to N-5
The C-7 proton appears as a double doublet at 4 11 ppm and couples with the carbon 
peak at 48 91ppm in the HMQC spectrum Correlation signals for this proton show V  
interactions with C-6 , C- 8  and the carbonyl carbon, and 3J  interaction with the
quaternary carbon of the phenyl group bonded to C- 8
The peak at 168 90ppm must be the carbonyl carbon as it couples with the -OCH2, the 
C- 6  protons and the proton bonded to C-7, and is the only atom with which all five 
protons can interact
It can be seen that the CH3 of the ester group has 2J  coupling to the CH2 carbon, but also 
has two further correlation peaks that correspond to 1J  coupling Peaks like these, for 
directly bonded hydrogen and carbon atoms should be suppressed, but this does not 
always happen for all the protons in the molecule In such cases, a doublet is obtained in 
the 2D spectrum, corresponding to the positions of the 13C satellites in the ]U NMR 
spectrum
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Figure 3 4 HMQC (a) and HMBC (b) spectra o f  the known tetrazocine (2b)
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#  The HMQC (Figure 3 6 a) of 2,3a,4,6a-tetraphenyl-l,3a,4,5,6a-hexahydro-imidazo-[4,5-
d]-l,2,3-tnazole 242 clearly shows the C-H coupling of the diastereotopic protons 
attached to C-5, as well as the various aromatic C-H couplings However it is the 
HMBC (Figure 3 6 b) of this compound that is of more interest It was predicted that 
both diastereotopic protons would show 3-bond couplings to both of the bridgehead 
carbons The spectrum showed only one of these protons coupling to the bndgehead 
carbons Increasing the number of scans of the expenment showed coupling of the 
proton attached to N-4 with both of the bndgehead carbons It is thought that the more 
intense signal is due to 2-bond coupling while the signal of lesser intensity is due to 3- 
bond coupling The increased number of scans also showed weak coupling of the N-H 
with an aromatic carbon, presumably due to 3-bond coupling with a phenyl nng 
attached to the adjacent bndgehead
The fact that only one of the diastereotopic protons showed coupling to the bndgehead 
carbons can be explained by the Karplus curve (Figure 3 5), in which the vicinal 
coupling constant is related to the dihedral angle
n
o ------------ „ .3 1 1 ^ __________  o
0° 90° 0 180°
Figure 3 5 Range o f  observed vicinal coupling constants for different values o f the 
dihedral angle 0  (Karplus curve)
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Figure 3.6 HMQC (a) and HMBC (b) spectra o f  the hexahydroimidazo-1,2,3- 
tnazole (242a)
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Simple molecular modelling indicates that the molecule could adopt a slightly twisted 
conformation which gives a -90° dihedral angle between one of the diastereotopic 
protons and each of the bridgehead carbons The Karplus curve predicts a coupling 
constant of zero with a dihedral bond angle of 90°, which would explain the absence of 
a signal in the HMBC In the twisted conformation, the other diastereotopic proton 
would have a ~180° dihedral bond angle with each of the bndgehead carbons A 
coupling constant of 10-16Hz is predicted by the Karplus curve as the dihedral bond 
angle approaches 180° In the HMBC spectrum, strong 3J Hc coupling appears between 
one of the diastereotopic protons and both of the bndgehead carbons
HMBC expenments are designed to detect long range couplings at a coupling constant 
of 12Hz By varying the D6 parameter of the pulse sequence, the value of J  can be 
optimised HMBC spectra were obtained with 7-values of 8 Hz, 6 Hz, 4Hz and 2Hz, in 
the hope that the 3J Hc coupling of the diastereotopic proton with the bndgehead carbons 
could be detected However these changes m the expenmental parameters did not serve 
to detect the required interaction
Moving onto the product of the photolysis of hexahydroimidazo-l,2,3-tnazoles, the 
HMQC (Figure 3 7a) and HMBC (Figure 3.7b) spectra gave some very surpnsing 
results The peak at 9 43ppm in the *H spectrum was onginally thought to be the N5-H 
peak of the pentazocine However the 2D spectra showed lJ  coupling of this proton with 
the carbon peak at 143 80ppm and 2J  or 3J  coupling with the peak at 162 21ppm 
Obviously then, this was not an N-H peak, but a C-H signal
On repeating the photolysis reaction, the ]H NMR of the isolated product was not as 
expected, but showed only four proton signals, all of which were present in the onginal 
spectra, including the C-H peak at 9 43ppm This product was identified as a dipheny- 
1,2,4-tnazole
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Figure 3.7 HMCQ (a) and HMBC (b) spectra o f the mixture ofproducts obtained by 
the photolysis o f 2,3a, 4,6a-tetraphenyl-1, 3a, 4,5,6a-hexahydro-imidazo- 
[4,5-d]-1,2,3-triazole 242a
164
This identification led to the conclusion that the onginal isolated product was in fact a 
mixture of the 1,2,4-tnazole (282 or 283) and another photoproduct Mass spectrometry 
confirmed the presence of a diphenyl-1 ,2 ,4-tnazole with a peak appearing at mix 222 
The mechanism of formation of the 1,2,4-tnazole is similar to that seen for pyrrolo-
1,2,3-tnazoles as reported previously by both our group1 and Butler et al3 (Scheme 
3 17)
On photolysis of the hexahydroimidazo-l,2,3-tnazole, the tetrahydropentazocine 278 is 
initially formed by disrotatory nng opening However this nng system appears to be 
susceptible to oxidation by the air and forms the dihydropentazocine 279 The sp - 
hybndised C- 6  is now electrophilic and is attacked by the nucleophihc N-2, causing 
transannular nng contraction and subsequent fragmentation of the bicychc system 281, 
to give one of the two 1,2,4-tnazoles 282 or 283
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Scheme 3 17 Photolysis o f hexahydroimidazo-î,2,3-triazoles led to the formation o f  
substituted 1,2,4-triazoles through the initial formation o f a pentazocine, 
subsequent oxidation, transannular ring contraction and fragmentation
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It is impossible to tell from the spectroscopic data which of the two tnazoles are present 
in the mixture A literature search revealed that both of the tnazoles had been 
synthesised previously NMR data for the l,3-diphenyl-l,2,4-tnazole 283 reports that 
the C-H peak occurs at 8  57ppm m CDCI3 (200MHz spectrometer) and at 8 35ppm 
when run in CD3CN(60MHz) Our C-H peak occurs at 8  52ppm in CDCI3 and at 
8  7 5 ppm in CD3CN For the 3,4-diphenyl-l,2,4-tnazole 282, the C-H peak is reported to 
occur at 8  58ppm when run in deuterated acetone and gives a broad signal in the range 
of 8  28-8 35ppm when run in CDCI3 These results are summansed in Table 3 2
Solvent 1,3-diphenyl- 
1,2,4-triazole, 283
3,4-diphenyl- 
1,2,4-triazole, 282
Photolysis product
CDCI3 8  57ppm 8  28-8 35ppm 8  52ppm
c d 3c n 8  35ppm - 8  75ppm
( c d 3) 20 - 8  58ppm 8 98ppm
DMSO - - 9 43ppm
Table 3 2 Effects o f different solvents on the chemical shift o f the -C-H  peak and 
comparisons with the chemical shifts o f the C-H peak o f the two 1,2,4- 
triazoles 282 and 283
As mentioned previously, a mixture of two compounds was obtained from the 
photolysis of the hexahydroimidazo-l,2,3-tnazoles 242 Evidence clearly points to the 
presence of a diphenyl-1 ,2 ,4-tnazole in the mixture, however the other molecule is not 
so easily identified A peak at m/z 312 suggests that the starting matenal has a lost a 
phenyl nng, two nitrogen atoms and a proton, and the NMR spectra indicate that a CH2 
group is present in the mixture Based on this data, we suggest that the other compound 
m the photolysis mixture is the previously unknown l,4,6-tnphenyl-l,2-dihydro-
[ l,3 ,5 ]tnazine 284
284
Figure 3 8  1,4,6-Triphenyl-l,2-dihydro-[l,3,5]triazine
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This structure fits all of the spectroscopic data, including the 2D NMR data In the 
HMQC spectrum there is very clear ]J  coupling between the protons at 5 48ppm and the 
carbon at 6 6  63ppm In the HMBC spectrum, these protons show coupling with five 
other carbons, probably 3J  coupling with both of the sp2-hybndised ring carbons, and 
weaker 3Jand  V interactions with each of the phenyl rings
A mechanism for the formation of the tnazine is tentatively proposed as follows the 
initial step is the usual photochemically allowed disrotatory ring opening The 2,5,6,7- 
tetrahydro pentazocine 278 then undergoes tautomensm to the 1,2,5,6-tetrahydro 
analogue 285 Subsequent fragmentation, with loss of the PhNNH group, and nng 
closure leads to the 1,3,5-tnazine 284
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Scheme 3 18 Proposed mechanism for the formation o f l t4,6-triphenyl-l,2-dihydro-
[1,3,5] tnazine
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fr 3 3 2 3 Electron- Withdrawing Substituents at C5
The degree of saturation at C5, and the substituents on C5 had previously been 
determined as the key factor in the success of obtaining eight-membered heterocycles 
by the irradiation of bicychc precursors
On irradiation of 2,3 a,6,6a-tetraphenyl-4-tosyl-5 -ethylcarboxylate-3,3 a,4,5,6 ,6 a- 
hexahydroimidazo-[4,5-d]-l,2,3-tnazole 239b, two products were isolated and 
identified as l,3-diphenyl-lH-[l,2,4]tnazole-5-carboxyhc acid ethyl ester 290 and 4,5- 
diphenyl-4H-[l,2,4]tnazole-3-carboxyhc acid ethyl ester 291
The formation of these molecules m the photolysis reaction can be explained by the 
initial loss of the tosyl group from N-4, giving an unsaturated C-5 in the bicychc system 
286 The photoinduced cleavage of the tosyl group from both nitrogen9 and oxygen10 
has been reported, the initial step being a transfer of an electron from an electron donor 
to the excited / 7-toluensulfonate In our case, the cleavage was not reductive, in that the 
proton from C-5 was also removed, giving a carbon-mtrogen double bond
The mechanism then proceeds in a similar way to that described previously The 
disrotatory nng-opemng of the bicychc compound gives the 1,2,3,5,7-pentazocine, 287 
Attack of the N-2 lone pair on the electrophihc C-5, followed by rearrangement gives 
the bicychc intermediate 289, which fragments into the two 1,2,4-tnazoles (Scheme 
3 19)
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Scheme 3 19 Irradiation o f substituted imidazo-l,2,3-triazoles results in loss o f the 
tosyl group, followed by electrocychc ring opening, transannular ring 
contraction and fragmentation o f the resulting molecule, giving two 
substituted triazoles
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4,5-Diphenyl-4H-[l,2,4]tnazole-3-carboxylic acid ethyl ester has previously been 
synthesised by the reaction of phenylbenzamidrazone 294 with diethyl oxalate 11 The 
starting amidrazone is obtained by the treatment of the thiobenzamhde 293 with 
hydrazine hydrate12 and the thiobenzamhde is synthesised by the reaction of sulfur with 
N-phenylbenzylamine 292 13 This reaction was earned out to prove the compound 
obtained from the photolysis reaction was the 3,4,5-substituted 1,2,4-tnazole 291
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Scheme 3 20 Alternative synthesis o f 4,5-diphenyl-4H-[l,2,4]triazole-3-carboxyhc 
acid ethyl ester
The synthesis of l,3-diphenyl-lH-[l,2,4]tnazole-5-carboxyhc acid ethyl ester 290 has 
also previously been reported 14 To prove that the compound we isolated was the 1,3,5- 
substituted-1,2,4-tnazole, the synthesis was earned out according to the method of 
Shchipanov and Klyuev llc This involved the initial formation of l,3-diphenyl-5-(5- 
tetrazolyl)-formazan 297 and it’s reaction with formaldehyde in an alkaline solution 
The resulting l,3,7,9-tetraphenyl-5-oxo-5H-l,2,4-tnazolo-[3\4' 5,1]- imidazo-[4,3-c]- 
1,2,4-tnazole 298 was then refluxed in ethanol which gave the tn-substituted 1,2,4- 
tnazole
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Scheme 3 21 Alternative synthesis o f l,3-diphenyl-lH-[l,2,4]triazole-5-carboxyhc 
acid ethyl ester
In unpublished work by our group, 15 this photoreaction has been extended to the 
adducts of tnazohum-N-imide and benzyne and pyndyne 295 The photoreaction then 
yields 1,3-diaryl-lH-indazoles and l,3-diaryl-lH-pyrazolo[3,4-b]pyndines
-N.
N ~ P h
N
X = C,N
hu
Ph
Ph
Scheme 3 22 Irradiation o f tricyclic adducts gives indazoles or pyrazolo-pyridines
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3.4 Conclusion
The irradiation of imidazo-l,2,3-tnazoles containing a C=0 or C=S at the C-5 position 
failed to yield the required 1 ,2 ,3,5,7-pentazocine Instead, a large number of 
photoproducts were obtained, which proved impossible to separate and identify The 
reason for the production of so many photoproducts is due to the various photoreactive 
fragments of the bicyclic molecule The possibility that the pentazocine did form cannot 
be discounted However it is likely that this molecule, once formed would undergo 
transannular ring contraction and fragmentation Conclusive proof of this has not been 
found, although one of the products that was isolated from the photoreactions is 
possibly a tnazolone which would be a product of the ring contraction and 
fragmentation sequence
Photolysis of hexahydroimidazo-l,2,3-tnazole with no substituents at C5 gave an 
inseparable mixture of two products, believed to be a diphenyl 1,2,4-tnazole and a
1,3,5-tnazine Because the compounds could not be isolated, these structures have been 
proposed on the basis of NMR spectroscopic data and mass spectrometry The 1,2,4- 
tnazole is obtained after oxidation of the intermediate pentazocine, transannular nng 
contraction, rearrangement and fragmentation This is a well known reaction for eight- 
membered heterocycles The formation of the tnazme is unusual, but is also believed to 
occur through the pentazocine intermediate
Photolysis of hexahydroimidazo-l,2,3-tnazoles with carboxylate substituents at the C-5 
position yielded two substituted 1,2,4-tnazoles The reaction proceeds by the initial loss 
of the tosyl group from N-4, giving a C=N between N-4 and C-5 The resulting 
compound then undergoes the known nng opening, transannular nng contraction, 
rearrangement and fragmentation sequence to give the two 1,2,4-tnazoles
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3 5 Future work:
It is clear from this work that it is not only the degree of saturation of the C-5 atom in 
the imidazo-l,2,3-tnazoles which is important in the photochemistry of these molecules 
The substituents on this carbon atom also affect the stability of the pentazocine that is 
formed on irradiation of the bicyclic systems
It is likely that a stable 1,2,3,5,7-pentazocine will be achieved by the irradiation of these 
systems when the C-5 atom is fully saturated and has two electron-donating groups as 
substituents These types of systems may be achieved by the use of tnacylimino 
dipolarophiles in the initial 1,3-dipolar cycloaddition If these systems successfully 
added to the 1,3-dipole, there would be scope to convert these groups into electron 
donating groups By using tnacylimino dipolarophiles the possibility of oxidation of the 
carbon-mtrogen bond would also be diminished
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3.6 Experimental
Photochemistry was earned out using
• a 400W medium pressure mercury lamp fitted with a pyrex filter The samples were 
degassed with nitrogen pnor to, and dunng photolysis
• a white light projector lamp The samples were degassed with nitrogen pnor to 
photolysis
Mass spectrometry was carried out on a Bruker Esquire spectrometer
3 61 Photochemistry o f  sp2-C5 Imidazo-1,2,3-Triazoles (122 and 124)
The typical procedure for the photolysis of imidazo-l,2,3-tnazoles denved from 
tnazolium N-imide and aryl isocyanates or aryl isothiocyanates is given below
Photolysis o f  2,3a, 4,6,6a-pentaphenyl-5-oxo-hexahydroimidazo-[4,5-d]-l ,2,3-triazole 
(122a)
2,3a,4,6,6a-Pentaphenyl-5-oxo-hexahydroimidazo-[4,5-d]-l,2,3-tnazole (500mg,
0 98mmol) was dissolved in 2 0 0 cm3 of dry dichloromethane and degassed with nitrogen 
for 30 minutes It was irradiated with a medium pressure mercury lamp with constant 
bubbling of nitrogen Samples were taken every 30 minutes and analysed by TLC (5 1 
pet ether 40-60 ethyl acetate) Irradiation times ranged from 1-4 hours The solvent was 
then removed under vacuum and the residue separated on a silica gel column or silica 
preparative TLC plates, using the same eluent as used for TLC
One product was isolated from the photolysis of 2,3a,6,6a-tetraphenyl-4-(4- 
methoxyphenyl)-5-oxo-hexahydroimidazo-[4,5-d]-l,2,3-tnazole Based on the ]H NMR 
data, we propose that this compound is
4,5-bis(4-chlorophenyl)-I-(4-methoxyphenyl)-3-phenyl’l,3-dihydro-imidazolo-2-one
(273)
(DMSO-d6) (ppm)* 3 69 (3H, s) (OCH3), 6  47 (2H, d, J=7 4Hz), 6  67 (2H, d, 
J= 8  8 8 Hz), 6  78 (2H, d, J= 8  84Hz), 7 00 (1H, t, J=7 36, 7 4Hz), 7 12 (2H, t, J=7 8 8 ),
7 48 (2H, d, J= 8  84Hz), 7 54 (2H, d, J= 8  84Hz), 7 74 (2H, d, J= 8  84Hz), 7 79 (2H, d,
8  36Hz)
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3 6 2, Photochemistry o f  sp3-C5 Imidazo-l,2,3-Triazoles •
3 6 2 1  Photochemistry o f 2>3a,4,6a-tetraphenyl-l,3a,4,5,6a-hexahydro-imidazo-[4,5- 
d]-l,2,3-triazole (242)
1 2,3a,4,6a-Tetraphenyl-l,3a,4,5,6a-hexahydro-imidazo-[4,5-d]-l,2,3-tnazole 
(200mg, mmol) was dissolved in 80em3 of HPLC grade dichloromethane and 
degassed with argon The solution was then irradiated with white light for 20 hours 
TLC analysis showed the formation of one major product The solvent was removed 
under vacuum and the residue was separated on a silica gel column (5 2 pet 
ether ethyl acetate) The major product was an oily yellow substance, which was 
difficult to solidify This has been identified as an inseparable mixture of two 
compounds
!H NMR (DMSO-d6) (ppm): 5 48 (2H, s) (CH2), 7 11 (2H, d, J=7 6 Hz), 7 18 (1H, t, 
J=7 6 Hz), 7 30 (2H, t, J=7 6 Hz), 7 40 (2H, t, J=8 Hz), 7 47-7 59 (6 H, m), 7 63-7 6 8  (3H, 
m), 7 99 (1H, d, J=7 6 Hz), 8  17 (1H, d, J= 6  8 Hz), 8  31 (2H, d, J= 6  0Hz) (all aromatic 
CH), 9 43 (1/2H, s) (C-H)
13C NMR (DMSO-d6) (ppm). 6 6  63 (CH2), 119 64, 125 03, 125 91, 126 40, 127 89, 
128 15, 128 51, 128 61, 128 73, 128 99, 129 23, 129 34, 129 96, 130 17, 130 56, 
130 74, 130 79, 131 55, 134 37, 136 35, 137 13, 143 21, 143 79 (tnazole C-H), 160 21, 
162 78, 162 21 (tnazole C-Ph)
M S data (m/z). 312(Cmpd 284), 222 (Cmpd 282 or 283), 197, 180, 106
2 2,3a,4,6a-Tetraphenyl-l,3a,4,5,6a-hexahydro-imidazo-[4,5-d]-l,2,3-tnazole was 
irradiated as above, but for a penod of 30 hours Separation of the products gave an 
orange solid which was identified as a 1,2,4-tnazole 282 or 283
!H NMR (DMSO-d6) (ppm) 7 49-7 6 6  (6 H, m), 7 99 (2H, d, J=7 6 Hz), 8  16 (2H, d, 
J- 6  8 Hz) (all aromatic protons), 9 42 (1H, s) (C-H)
13C NMR (DMSO-d6) (ppm) 119 64, 126 40, 128 16, 129 23, 129 96, 130 17, 130 73, 
137 12 (all aromatic C and CH), 143 81 (C-H), 162 20 (C-Ph)
175
3 6 2 2 Photochemistry o f 2,3a,6,6a-tetraphenyl-4-tosyl-5-ethylcarboxylate- 
3,3a,4,5,6,6a hexahydroimidazo[4,5-d]-1,2,3-tnazole (239b)
2,3a,6,6a-tetraphenyl-4-tosyl-5-ethylcarboxylate-3,3a,4>5,6,6ahexahydroimidazo[4,5-d]-
1 .2 .3 -tnazole (200mg, 0 311mmol) was dissolved in 200cm3 of dry dichloromethane 
and degassed with nitrogen for 30minutes It was then subjected to irradiation with a 
medium pressure mercury lamp for a total of 3 hours The solvent was removed and the 
residue was loaded onto a silica prep TLC plate and developed with 5 1 pet ether 
ethyl acetate Two products were isolated and identified as
1.3-diphenyl-l H-[l ,2,4] triazole-5-carboxyhc acid ethyl ester (290)
'H NMR (dmso-d6)(ppm) 1 24 (3H, t, J=7 2Hz) (OCH2CH3), 4 33 (2H, q, J=7 2Hz) 
(OCH2CH3), 7 58 (2H, d, J=7 2Hz), 7 61-7 64 (4H, m), 7 69-7 72 (2 H, m), 8  14 (2H, d, 
J=6 Hz) (all aromatic CH)
,3C NMR (dmso-dé)(ppm). 14 02 (OCH2CH3), 62 43(OCH2CH3), 126 27, 12643, 
127 99, 128 96, 129 23, 129 37, 129 95, 130 37, 138 32, 157 17, 161 05 (C3, C5, 
aromatic C and CH)
and
4,5-diphenyl-4H-[l,2,4]triazole-3-carboxyhc acid ethyl ester (291)
'H NMR (dmso-d6)(ppm) 1 15 (3H, t, J= 6  8 Hz) (OCH2CH3), 4 19 (2H, q, J= 6  8 Hz) 
(OCH2CH3), 7 28-7 37 (10H, m) (aromatic protons)
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3 6 2 3 Synthesis o f 6-ethoxycarbonyl-2,3 a, 4,6a-tetraphenyl-3,3 a, 4,5,6,6a-
hexahydropyrrolo[2,3-d]-1,2,3-tnazole (lb)
l,2-bis(phenylazo)stilbene (0 5g, 0 0013mol) and ethyl 
acrylate (0 5g, 0060mol) were stirred under reflux in 
30cm3 of dry acetone for 3 hours The solvent was
removed under vacuum and the residue was recrystalhsed
from ethanol, yielding 0 36g (0 0007mol, 54%) of the 
yellow compound
M.P 200°C (lit 201-203°C)'
'H  NMR (DMSO-d6) (ppm). 0 6 6  (3H, t, J=7 2Hz) (OCH2CH3), 3 73-3 8 8  (4H, m) 
(OCH2CH3, C-6 -H, C-5 -H), 4 36 (1H, m) (C-5 -H), 6  65 (1H, t, J=7 2Hz), 6  74 (2H, d,
J= 6  8 Hz), 6  88-7 00 (8 H, m), 7 07-7 11 (4H, m), 7  68-7 74 (3H, m), 8  33 (2H, d,
J=7 2Hz) (all aromatic CH)
,3C NMR (DMSO-d6) (ppm) 13 6 6  (OCH2CH3), 48 32 (C-5), 57 21 (C-6 ), 60 33 
(OCH2CH3), 89 39, 101 08 (C-3a, C-6 a), 116 27, 117 6 8 , 122 97, 127 14, 127 19, 
127 35, 127 44, 127 70, 127 85, 128 63, 129 81, 132 33, 137 53,137 82, 140 76, 145 42 
(all aromatic C and CH), 170 10 (C=0)
/ ^ o
3 6 2 4 Synthesis o f 7-ethyoxycarbonyl-2,4,5,8-tetraphenyl-2,3,6,7-tetrahydro-l,2,3,5- 
tetrazocine (2b)
6-ethoxycarbonyl-2,3a,4,6a-tetraphenyl-3,3a,4,5,6,6a- 
hexahydropyrrolo[2,3-d]-1,2,3-tnazole (250mg,
0 511mmol) was dissolved in 80cm3 of dry 
dichloromethane and degassed with nitrogen The solution 
was irradiated with white light for a total of 2 0  hours 
TLC analysis showed the formation of one new 
compound This was separated on a silica gel column (5 2 
pet ether 40-60 ethyl acetate), yielding 150mg (0 307mmol, 60%) of the yellow 
tetrazocine
M.p 101-102°C (lit 101-103°C)2
'H  NMR (DMSO-d6) (ppm). 0 96 (3H, t, J= 6  8 , 7 2Hz) (OCH2CH3), 3 6 8  (1H, m), 
3 8 8  (1H, m) (OCHjCH3), 4 11 (1H, dd J=7 2, 14 4Hz) (C-7-H), 4 76 (2H, m) (C-6 -H), 
6  69 ( 1 H, t, J=7 2Hz), 6  80 (2H, d), 6  94-7 02 (3H, m), 7 17 (2H, d, J= 8  0 Hz), 7 23 (2H,
177
t, J=8 Hz), 7 28-7 37 (6 H, m), 7 44 (2H, d, J= 7 2Hz), 7 60 (2H, d, J=7 2Hz) (all 
aromatic CH)
13C NMR (DMSO-d6) (ppm) 13 94 (OCH2CH3), 47 80, 48 49 (C-7, C-6 ), 61 19 
(OCH2CH3), 116 6 8 , 1 2 0  74, 1 2 2  1 1 , 1 2 2  41, 127 81, 128 31, 128 49, 128 59, 129 07, 
129 20, 130 23,130 99, 135 38, 136 16,143 26,150 1 2  (all aromatic C and CH), 154 24 
(C-8 ), 168 90 (C=0), 176 84 (C-4)
3 6 2  5 Synthesis o f l,3-diphenyl-lH-[l,2,4]triazole-5-carboxyhc acid ethyl ester 
(290)
Benzaldehyde (3 18g) and phenylhydrazine (3 57g, 
1 0 %excess) were stirred under reflux in glacial acetic acid 
n - n  for 2 hours The solution was cooled and the resulting pale
ft y yellow needle-like crystals of benzaldehyde 
phenylhydrazone were removed by filtration (4g) 
5-Aminotetrazole monohydrate (1 55g) in 10cm3 of 20% NaOH was added to sodium 
mtnte (NaN0 2 ) m 10cm3 of water, containing 15g of ice The mixture was cooled to 
0°C and poured onto a stirred mixture of 8 cm3 of conc HC1 in 50g of ice The mixture 
was stirred for 20 minutes at 0°C and then sodium acetate tnhydrate (lOg) was added 
Meanwhile benzaldehyde phenylhydrazone (2 93g) was dissolved in 400cm3 of ethanol 
and cooled to 0°C The diazomum salt solution was added to the hydrazone solution 
with constant stirring, forming a red solution This solution was cooled overnight at -  
4°C 200cm3 of water was then added and the solution was left to stand for a further 4 
hours, after which time it was filtered, yielding the formazan as a very dark red powder 
in low yield (0 25g)
A solution of formazan (3g) and 37% formaldehyde (2 cm3) in 90cm3 of 1% sodium 
hydroxide were stirred under argon for 24 hours The mixture was filtered and the 
precipitate washed with water, dned and recrystallised from ethanol, yielding 0  25g of 
298
298 was stirred under reflux in 15cm3 of ethanol for 2 hours The solvent was removed 
under vacuum and the residue was recrystallised from heptane, giving the tnazole 
M.p. 112-113°C (lit 114 5-115 5°C)14c
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'H  NMR (dmso-d6)(ppm) 1 27 (3H, t, J=7 2Hz) (OCH2CH3), 4 30 (2H, q, J=7 2Hz) 
(OCHjCH3), 7 57 (2H, d, J=7 2Hz), 7 62-7 65 (4H, m), 7 72-7 73 (2H, m), 8  13 (2H, d, 
J=6 Hz) (all aromatic CH)
l3C NMR (dmso-d6)(ppm)- 14 0 2  (OCH2CH3), 62 43(OCH2CH3), 126 27, 126 43,
127 99, 128 96, 129 23, 129 37, 129 95, 130 37, 138 32, 157 17, 161 05 (C3, C5, 
aromatic C and CH)
3 6 2 6 Synthesis o f 4,5-diphenyl-4H-[l,2,4]triazole-3-carboxyhc acid ethyl ester (291)
N-Phenylbenzylamine (30g) and sulfur ( 8  6 g) were heated 
under reflux in pyndine (16 5cm3) for 24 hours, giving a red 
solution This was cooled slightly and added to 670cm3 of 
n - n  water containing 50cm3 of conc HC1 A red oil fell to the
bottom and was removed by filtration and was washed with a little water The oil 
solidified on standing but melted on heating and was transferred to a separating funnel, 
to which 660cm3 of 2 5% NaOH was added The mixture was shaken well and then 
filtered The alkaline filtrate was neutralised with conc HC1 and the required yellow 
thiobenzamhde fell out of solution and was removed by filtration 
Thiobenzamhde (3g) was stirred under reflux m 25cm3 of ethanol with hydrazine 
monohydrate (3cm3) until the evolution of H2S had stopped (approx 2 5 hours) Water 
was added to the mixture and left standing overnight after which time a pink solid had 
formed This was removed by filtration and on standing the required amidrazone fell out 
of the ethanohc filtrate
Amidrazone (0 15g) and diethyl oxalate (0 5cm ) was stirred under reflux in 10cm of 
ethanol for 2 hours The ethanol was reduced and on addition of pet ether 40-60 the 
tnazole fell out of solution 
M p  151°C (lit 151-152°C)"
'H  NMR (DMSO-dt) (ppm) 1 12 (3H, t, J= 6  8 Hz) (OCH2CH3), 4 20 (2H, q, J=7 2Hz) 
(OCH2CH3), 7 35-7 52 (10H, m) (all aromatic CH)
13C NMR (DMSO-di) (ppm) 13 99 (OCH2CH3), 61 95(OCH2CH3), 126 36, 128 13,
128 8 8 , 129 05, 129 53, 130 03, 130 62, 135 16, 146 74, 156 05 (C3, C5, and aromatic 
C), 156 99 (C O )
o ^ \
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